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Abstract 
FOXP2 is the gene product of the so-called “language gene” and is the only 
protein known to be involved in a monogenetic autosomally inherited language 
disorder.  This disorder has been termed Speech-Language Disorder 1. In addition 
to the role it plays in language, FOXP2 is thought to be involved in cancer, autism 
and schizophrenia. FOXP2 is a member of the P subfamily of FOX transcription 
factors, the DNA-binding domain of which is the forkhead domain. The aim of 
this work was to investigate the binding mechanism of the FOXP2 forkhead 
domain and various DNA sequences in order to assess affinity and specificity. It 
was shown by surface plasmon resonance that the FOXP2 forkhead domain can 
recognise a variety of DNA sequences, including a novel sequence, identified by 
systematic evolution of ligands by exponential enrichment. This motif has not 
previously been reported as a binding motif of the FOXP2 forkhead domain. 
Kinetic analysis by surface plasmon resonance showed that the novel sequence, as 
well as other published cognate sequences, each binds to the FOXP2 forkhead 
domain with different rates and affinities. Molecular docking of the DNA 
sequences to the FOXP2 forkhead domain revealed that electrostatic interactions 
between positively charged amino acids and the DNA backbone, as well as base-
specific interactions between His554 and the DNA appear to be key in 
determining rates and affinities of binding interactions of the FOXP2 forkhead 
domain and DNA.  Based on these findings, three types of DNA-binding are 
proposed for the FOXP2 forkhead domain. These types are: low affinity, non-
functional binding; moderate affinity, non-functional binding and high affinity, 
functional binding. It is probable that each type of binding serves to control the 
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spatial location of the protein within the nucleus, as well as the local concentration 
of protein. The proposed mechanism of binding for the forkhead domain of 
FOXP2 may have a future impact on the binding and function of full length 
FOXP2. 
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1 Background and problem identification 
1.1 Transcription factors 
Transcription factors are crucial in gene regulation. It has been estimated that as 
much as 10% of genes within the human genome encode transcription factors 
(Lander et al., 2001; Vaquerizas et al., 2009; Wilson et al., 2008). Transcription 
factors can be divided into two broad classes: basal transcription factors which 
interact with RNA polymerase and are required for baseline transcription and 
specific transcription factors which regulate transcription in response to specific 
biological signals. Transcription factors control gene regulation by either 
recruiting transcription machinery or by preventing the binding of machinery to 
promoter sequence elements such as the TATA box. Thus, transcription factors 
can either up-regulate (activate) or down-regulate (repress) target genes 
(Triezenberg, 1995). 
The study of transcription factors is important as many human pathologies are 
caused by their dysregulation (Lee and Young, 2013). These diseases and 
syndromes include cancers (Castillo Bosch et al., 2014); (Littlewood et al., 2012), 
neurological (Rump et al., 2011) and autoimmune (Kyewski and Klein, 2006); 
(Hayden and Ghosh, 2012) disorders, cardiovascular disease (Kathiresan and 
Srivastava, 2012) and metabolic defects such as diabetes (Maurano et al., 2012)  
and obesity (Miyata et al., 2013). 
Another reason for the necessity of studies into transcription factor binding is its 
evolutionary importance. The rapid evolution of transcription factors and the 
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resulting changes has played a major role in the recent molecular evolution of 
Homo sapiens (Bustamante et al., 2005). About 13% of transcription factors are 
unique to humans and do not occur in other primates compared to only 2% of 
enzymes (Vaquerizas et al., 2009).   
The DNA sequences to which transcription factors bind in a sequence specific 
manner are known as consensus sequences. The length of consensus sequences 
within an organism is inversely proportional to the size of its genome such that 
small genomes are able to accommodate long binding sites while larger genomes 
require clustered short sites (Mirny et al., 2009). This is because regulation in 
larger genomes is more complex, requiring the binding of numerous factors to 
elements within a promoter. 
1.2 Protein-DNA recognition 
Protein-DNA interactions are vital to many biological processes including DNA 
replication, transcription and recombination. It is thus of great importance to study 
the structure and mechanism of DNA-protein recognition. DNA-protein 
interactions can be categorised by two factors: whether the interaction is specific 
to the DNA sequence at which it occurs and whether a functional event takes 
place as a consequence of the interaction. In the case of transcription factors, a 
functional event can be defined as a change in the transcription level of the gene 
to which the factor is bound. Not all DNA-protein binding events lead to a 
functional event in the cell (Gao et al., 2004). 
Three types of binding interactions have been identified: functional specific 
binding, non-functional specific binding and nonspecific non-functional binding 
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(Elf et al., 2007; Kao-Huang and Revzin, 1977; Lin and Riggs, 1975; Phair et al., 
2004). Non-functional binding (both specific and nonspecific) may play an 
indirect role in gene regulation by titrating the level of freely accessible 
transcription factor available to bind functional sites (Todeschini et al., 2014). 
Control of the concentration of transcription factors involved in functional DNA 
interactions is important because cellular concentrations of transcription factors 
are high relative to those of other proteins. Non-functional binding occurs because 
transcription factors are almost never free in solution, but rather associate with 
DNA and chromatin. (Elf et al., 2007; Kao-Huang and Revzin, 1977; Lin and 
Riggs, 1975; Phair et al., 2004). This constant non-specific interaction does not 
give rise to gene regulation. 
Three factors are important in DNA-protein interactions: the structure of the 
DNA-binding proteins, the local and global structure of DNA within the cell and 
the mechanisms by which proteins recognise DNA sequences. These topics will 
be discussed in detail in the following sections. 
1.3 Structures of DNA binding proteins 
The most abundant structural class of DNA binding motifs are those containing ɑ 
helices which interact with the major groove of the DNA. This includes helix turn 
helix motifs, leucine zippers and zinc fingers (Xiong and Sundaralingam, 2001). 
These proteins all share similar mechanisms of binding but differ in how the 
DNA-interacting helices are supported by the rest of the protein (Figure 1.1). 
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Figure 1.1 Schematic representation of DNA binding motifs. Schematics of the 
three most common DNA binding motifs are indicated: the helix-turn-helix, Cys-
His and Cys-Cys zinc fingers and the leucine zipper. Bound DNA is indicated by 
bold rectangles, helices are represented as cylinders and important amino acids are 
represented by the single letter code Adapted from (Struhl, 1989). 
 
 
helix-turn-helix Cys-His zinc finger 
Cys-Cys zinc finger leucine zipper 
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Leucine zippers are dimeric motifs made up of ɑ helices of about 60 amino acids 
which form a parallel coiled coil arrangement and dimerise via leucines at the 
hydrophobic dimer interface. This interface is typically made up of leucines 
spaced at 7 residue intervals (O’Shea et al., 1991). This interface occurs C-
terminally while the N-terminals of the dimer splay out and insert into the major 
groove on opposite sides of the same DNA molecule. 
Proteins that contain the zinc finger motif are the most abundant DNA-binding 
proteins in the human genome (Lander et al., 2001). The zinc finger domain is 
made up of a short ɑ helix, two antiparallel strands of β sheets and a core zinc ion 
which is coordinated by two cysteines and two histidines or two pairs of cysteines 
(Pavletich and Pabo, 1991). DNA recognition occurs by insertion of the helix into 
the major groove (Pavletich and Pabo, 1991, 1993). Zinc finger-containing 
proteins often have multiple copies of this domain interspaced by short linker 
regions (Wolfe et al., 2001). 
1.3.1 Helix-turn-helix motifs 
The general structure of a helix-turn-helix (HTH) motif is a three helix bundle of 
two α helices separated by a three or four residue turn and a third “recognition” 
helix which embeds into the major groove of the DNA upon binding. The helices 
not in contact with the DNA are typically offset by a 120° angle (Brennan and 
Matthews, 1989). There are a number of structural variants of the HTH motifs 
(Figure 1.2; Aravind and Anantharaman, 2005). These variations are the inclusion 
of a fourth helix (tetrahelical HTHs), co-ordination of metal ions and one or two 
wings (winged helix HTHs). 
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Figure 1.2 Structural variations of the helix-turn-helix motif. Helices are 
shown in green and strands in blue. A: simple tri-helical HTH domain (PDB: 
1k78). Residues that are strongly conserved across all HTH domains are shown in 
this structure. B: a surface view of the same domain illustrating the shallow cleft. 
C: tetra-helical bundle (PDB: 1a.4). D: metal-chelating HTH domain of the 
retroviral integrases with Zn+ co-ordinated (HIV integrase, PDB: 1k6y). E: simple 
2-stranded winged HTH (PDB: 1smt).  F: a 4-stranded winged HTH (PDB: 1cgp). 
Taken from Aravind and Anantharaman, 2005. 
A B 
C D 
E F 
Wing 
Wing 
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HTH motifs make both specific and nonspecific contacts with DNA. Specific 
contacts are formed by hydrogen bonds, van der Waals contacts and salt bridges 
involving the protein and the major groove of the DNA (Brennan and Roderick, 
1990; Ohlendorf and Matthew, 1985; Weber and Steitz, 1987). Nonspecific 
contacts are formed by electrostatic interactions between the negatively charged 
phosphodiester backbone of the minor groove and positively charged protein 
residues (Ohlendorf and Matthew, 1985). These nonspecific interactions are often 
made by flexible arms or loops in the protein adjacent to the HTH motif (Jordan 
and Pabo, 1988). Proteins containing the HTH motif can be monomeric, 
heterodimeric or homodimeric (Harrison and Aggarwal, 1990). 
1.3.2 Winged helix motif 
The winged helix motif is a type of HTH motif which has the general topology of 
H1-S1-H2-H3-S2-W1-S3-W2, where H designates a helix, S a strand and W a 
wing (Figure 1.2 E-F; Gajiwala and Burley, 2000). The so called “wings” are 
large flexible loops. Winged helix proteins [Structural Classification of Proteins 
(SCOP) classification n 846785] tend to have longer turns in their HTH motifs 
than other HTH proteins, this results in a greater variety of angles between H1 and 
H2, ranging from 100° to 150° as opposed to 120° seen in other HTH proteins 
(Wilson, 1992; Zheng and Fraenkel, 1999).  
Winged helix domains can serve a variety of functions within DNA-binding 
proteins. These include double stranded B-DNA recognition (Lai and Clark, 1993; 
Passner and Steitz, 1997; Sharrocks, 2001), single stranded RNA recognition 
(Teplova et al., 2006; Wolin and Cedervall, 2002), Z-DNA recognition and 
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stabilisation (Kim and Khayrutdinov, 2011; Rothenburg and Schwartz, 2002; 
Takaoka et al., 2007) and DNA strand junction and branch recognition (Kitano et 
al., 2010; Putnam et al., 2001; Yamada et al., 2004). These functions relate to 
processes as varied as transcription, DNA repair and RNA splicing (Harami et al., 
2013 and references therein). 
Winged helix proteins typically recognise their target DNA sequences by 
presentation of helix 3, which is known as the recognition helix, within the major 
groove of the DNA. Most of the specific DNA contacts are made by polar side 
chains and the major groove (Gajiwala and Burley, 2000). Nonspecific 
interactions typically take place between W1 and the minor groove (Harami et al., 
2013). Although more rare, specific recognition of the major groove may be 
mediated by W1 of winged helix motifs (Gajiwala and Burley, 2000). 
1.4 DNA structure 
DNA structure is affected by and affects DNA-protein recognition. DNA can 
adopt a number of local and global shape conformations. The global 
conformations which DNA can adopt are A-, B- and Z- DNA (Figure 1.3). Each 
of these conformations is differentiated by the handedness of the helices, the pitch 
(the distance it takes for the helix to make a 360° turn) and the number of bases 
per turn.  
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Figure 1.3: Illustration of global and local DNA conformation changes. A: A-
DNA; B: B-DNA; C: Z-DNA; D: DNA bend (PDB code 1JJ4); E: DNA kink 
(PDB code 2KEI); F: Holliday junction (PDB code 2QNC); G: Quadruplex DNA, 
a four-stranded structure, consisting of guanine-rich sequences, harbouring metal 
ions (highlighted in green) in the centre (PDB code 3QXR). Adapted from  
Harteis and Schneider, 2014. 
Bend Kink 
Quadruplex 
A B C 
G 
F E D 
Holliday Junction 
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B-DNA is the most common DNA conformation and is the typical structure as 
suggested by Watson and Crick. It is a right handed helix, the axis of which is 
through the centre of the helix with 10 bases per pitch and a pitch length of 34 Å. 
A-DNA (Figure 1.3 A) is the conformation which dehydrated DNA takes on with 
11 bases per pitch and a pitch length of 28.2 Å (Jacobo-Molina and Ding, 1993). 
It is a right handed helix, the axis of which is shifted from the centre of the helix 
by approximately 4.5 Å. The distance between the stacked bases is smaller in A-
DNA than in B-DNA (2.6 Å and 3.3 Å respectively). Another major difference 
between A- and B- DNA are the widths and depths of the grooves of the helices.  
(Ban et al., 1994). B-DNA has a major and a minor groove which are different 
widths but identical depths whereas the major groove of A-DNA is deep but very 
narrow and only able to accommodate metal ions and water while the minor 
groove is wide and shallow (Arnott and Hukins, 1972). The variation in grooves 
between A- and B- DNA is caused by the shift of the helix axis off centre in A-
DNA. A-DNA type helices are probably only found in vivo in DNA-RNA hybrid 
helices and in double stranded RNA helices (Dickerson, 1983). 
Z-DNA (Figure 1.3 C) gets its name from the zigzag like pattern of its phosphate 
backbone. It is a left handed helix with 12 bases per pitch and a pitch length of 43 
Å. Z-DNA forms when GC repeats occur at high salt concentrations. In Z-DNA 
there is only a single uniform groove which corresponds to the minor groove in B-
DNA (Wang et al., 1981). Bases recognised in the major groove of B-DNA will 
be recognised in Z-DNA because they present a similar convex surface. Because 
negatively charged phosphate groups are forced close together in this 
configuration, it is not energetically favourable under physiological conditions. 
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High salt concentrations provide charge shielding of the phosphates resulting in 
less electrostatic repulsion Thus, the backbone of Z-DNA is only stable at high 
salt concentrations. 
Triple helix DNA structures are formed when a duplex of one polypurine strand 
and one polypyrimadine strand associates with another ploypyrimadine strand 
(Felsenfeld et al., 1957). The additional polypyrimadine strand associates in the 
major groove of the duplex and forms non-canonical Hoogsteen base pairs with 
the polypurine strand (Arnott et al., 1976). Triplex DNA is formed during DNA 
replication, transcription and recombination (Frank-Kamenetskii and Mirkin, 
1995). 
Local DNA conformation can be altered by bends, kinks, Holliday junctions and 
the formation of quadruplex DNA (Figure 1.3). DNA kinks are caused when bases 
become unstacked causing an abrupt disruption to the linearity of the helix and 
occur most frequently between A and T base steps (Dickerson, 1998). This 
happens when two adjacent bases lean toward each other on the axis 
perpendicular to the axis of the helix (Dickerson, 1998). The lean takes place 
along the edge of the base pair. Kinks change the direction of the helix (Spiriti and 
van der Vaart, 2012). When more than one kink occurs in a sequence, the effect is 
cumulative and the result is extensive curvature known as bending (Dickerson, 
1998). Bending often occurs as a consequence of protein interaction with DNA. 
Holliday junctions (Figure 1.3 F) are formed when four helices of two DNA 
duplexes exchange strands to make X-shaped structures, also known as cruciform 
structures (Duckett et al., 1988). Holliday junctions are found during DNA 
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recombination and double strand break repairs as well as being involved in 
transcriptional regulation  (Matos and West, 2014).  
Quadruplex DNA (Figure1.3 G) is a four stranded structure facilitated by guanine 
rich sequence. These structures are transient, unstable and prone to strand breaks 
as well as chromosomal rearrangements (Lopes et al., 2011). Quadruplexes form 
under physiological conditions during DNA replication (Biffi and Tannahill, 
2013) at telomeres but are tightly regulated by the cell. Quadruplex DNA is 
recognised by specific DNA-binding proteins such as those involved in telomere 
formation (Paeschke et al., 2005). 
1.5 Mechanism of protein-DNA recognition 
Initially it was thought that certain amino acids would always recognise specific 
bases and that this “code” was the basis for transcription factor specificity. In 
1976, based on the very few structures of DNA-protein complexes available and 
the chemistry of the atoms near the edge of base pairs, Seeman et al. proposed 
such a code (Seeman et al., 1976). However, as the amount of structural data 
available has increased it has become clear that no such one to one relationship 
between nucleic acids and amino acids exists (Benos et al., 2002). 
 Jones et al. identified three mechanisms of protein–DNA recognition. These 
mechanisms were termed single headed, double headed and enveloping (Jones et 
al., 1999). Single headed interactions are characterised by a single cluster of 
amino acids interacting with DNA, double headed interactions have two such 
clusters and enveloping interactions have a large surface area of interaction 
between the protein and DNA. They also found that the vast majority of DNA 
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binding proteins make contacts in the major groove alone while a much smaller 
proportion of proteins make contact with both grooves and a very small 
percentage make contacts with the minor groove alone (Jones et al., 1999). This is 
because the minor groove is too narrow to accommodate the insertion of protein 
structures and can only do so when the DNA is severely distorted. 
1.5.1 Specificity of protein-DNA recognition 
By meta-analysis of available structural data Rohs et al. (2010) found that all 
transcription factors in the Protein Data Bank use one of two methods for 
sequence specific DNA recognition. The first they termed “base readout” while 
the second they termed “shape readout”. Base readout occurs when the 
transcription factor recognises specific chemical signatures of each base in a DNA 
sequence. Shape readout involves recognition through sequence specific 3D 
structures within a DNA sequence. This was the first study to give clear 
definitions to these types of readout. 
1.5.2 Base readout 
Base readout occurs when residues within the protein recognise specific bases in 
the major or minor groove of DNA. Residues can form direct or water mediated 
hydrogen bonds with bases. A single hydrogen bond very rarely provides 
specificity but double hydrogen bonds confer a large degree of specificity to a 
protein-DNA interaction (Coulocheri and Pigis, 2007).  
Double hydrogen bonds can be either bidentate (separate donors and acceptors) or 
bifurcate (shared acceptor with separate donors). Although there is no universal 
DNA-protein binding code, it has been shown that because of the available donor 
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and acceptor atoms on base pairs (Figure 1.4), certain amino acids show clear 
preference for hydrogen bonding with certain bases because they are able to form 
bifurcated or bidentated bonds involving more than one atom (Luscombe, 2001). 
It is important to note that in terms of hydrogen bond donors and acceptors, the 
minor groove of A-T and T-A or G-C and C-G base pairs are indistinguishable 
allowing less specificity. For this reason only nonspecific binding can take place 
in the minor groove, while all specific interactions occur in the major groove. 
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Figure 1.4: Hydrogen bond donors and acceptors of DNA base pairs. Arrows 
point towards acceptors and away from donors. A – Hydrogen bonds possible 
with an AT base pair; B- hydrogen bonds possible with a GC base pair. Figure 
taken from (Luscombe, 2001) 
 
 
 
 
16 
 
In the major groove arginine, lysine, serine and histidine preferentially bind to 
guanine while asparagine and glutamine bind to adenine (Luscombe, 2001). 
Bidentate bonds are responsible for the specificity of arginine and lysine for 
guanine and the specificity of asparagine and glutamine for adenine (Luscombe, 
2001). Examples of these interactions are shown in Figure 1.5. 
In the available structures of DNA-protein complexes, arginine is involved in 
more base interactions than any other amino acid. Luscombe, 2001 suggests that 
there are three reasons for this: firstly, the length of the side chains which allow 
them to reach bases within the DNA, secondly, the ability to interact in different 
conformations and lastly, the ability to produce ideal hydrogen bond geometries. 
Lysine and glutamine also have long side chains but fail to meet the other criteria. 
In addition to Hydrogen bonding other forces play a role in sequence specificity. 
Hydrophobic interactions between the protein and methyl groups of thiamines and 
cytosines are involved in base readout (Berg and Hippel, 1988). Van der Waals 
contacts have also been reported to play a role in base readout although most van 
der Waals contacts are merely stabilising rather than providing sequence 
specificity (Luscombe, 2001). 
Water mediated interactions between DNA and proteins play an important role in 
the binding process. Water molecules facilitate binding in one of two ways, either 
by acting as an electrostatic buffer between the negatively charged phosphate 
backbone of the DNA and negatively charged protein side chains or by allowing 
protein side chains which are unable to reach DNA because of packing and steric 
hindrance to make contact with the DNA via water mediated hydrogen bonding 
(Reddy et al., 2001). Divalent cations such as Mg2+ are also involved in protein-
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DNA interactions as they stabilise the negatively charged phosphates of the DNA 
backbone (Hartwig, 2001).  
 
 
 
 
Figure 1.5: The interactions formed between specific amino acids and bases. 
A-D interactions between arginine and guanine; E interaction between lysine and 
guanine; F interaction between asparagine and adenine; G interaction between 
glutamine and guanine; H interaction between glutamine and adenine (taken from 
(Luscombe, 2001). 
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1.5.3 Shape readout 
Shape readout is the process of DNA-binding which occurs when a transcription 
factor recognises the shape of the double helix rather than specific bases. This can 
occur at either a local or global level. Global DNA shape is determined by the 
environment such as salt concentration and cell cycle stage.  Z-DNA and A-DNA 
have different global structure from typical B-DNA and such structures can be 
recognised by transcription factors (Takaoka et al., 2007; Travers, 1989).  
Local shape readout refers to the recognition by the protein of the structure of 
either the minor or major groove. The most prevalent form of local shape readout 
occurs at the minor groove. A-T rich DNA has a narrow minor groove because the 
width of the G-C base pair is greater than that of the A-T base pair (Rohs et al., 
2009). Because of this, the negatively charged phosphate backbones of the two 
strands within an A-T rich helix are closer to one another. This leads to a greater 
overall negative charge in the minor groove of A-T rich regions when compared 
to G-C rich regions (Jayaram et al., 1989). Many transcription factors can 
recognise the narrow groove and the negative electrostatic potential of A-T rich 
regions adjacent to the bases with which the protein will form base specific 
contacts within the major groove. This recognition is usually facilitated by 
contacts between the DNA phosphate backbone and arginines (Rohs et al., 2009). 
1.5.4 Dynamic DNA readout 
Many DNA binding proteins contain intrinsically disordered regions (IDs) which 
contribute to DNA recognition by facilitating diffusion or by modulating 
specificity through base interactions (Billeter, 1997; Mark et al., 2005).  Most of 
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these IDs cannot be seen because their inherent flexibility makes them invisible to 
structure determining techniques such as X-ray crystallography and as such have 
not been dealt with extensively in DNA-protein interactions as it has not been 
clear whether such regions are in contact with DNA. Fuxreiter et al., 2011 
propose that these IDs provide a third type of readout (beyond base and shape 
readout) which they term as dynamic DNA readout, whereby dynamic regions of 
highly flexible IDs contribute to DNA recognition. Dynamic interactions of IDs 
and DNA can orient proteins ideally for binding to take place (Laity et al., 2000). 
It has been estimated that 70% of DNA binding proteins have intrinsically 
disordered tails (Vuzman and Levy, 2012) and it is known that these regions 
contribute to both specific and nonspecific DNA interactions (Spolar and Record, 
1994). These tails are often highly charged and appear to facilitate DNA 
recognition through this charge. In fact, it has been shown that their impact on 
DNA binding is wholly dependent on their charge distribution rather than their 
sequence (Vuzman and Levy, 2012).  
1.5.5 Cooperativity of protein-DNA recognition 
In eukaryotes gene regulation is often dependent on the binding of many 
individual transcription factors to the same regulatory region making 
combinatorial cooperativity an important aspect of transcription factor binding 
(Sarai and Kono, 2005). The favourable energy of cooperatively bound complexes 
allows multiple proteins or subunits, which on their own have a low affinity for 
DNA, to bind in a tight multi-protein complex with DNA (Keleher et al., 1988). 
The ability of transcription factors to form multimers increases the range of 
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sequence recognition allowing for tighter control of gene regulation (Mangelsdorf 
and Evans, 1995). 
The formation of transcription factor dimers in the presence of DNA is an 
important aspect of gene regulation (Jankowski et al., 2013). Cooperative binding 
of hetero- and homo- dimers leads to an increase in transcription factor specificity 
because spacing and oritentation of binding sites become additional factors 
controlling binding (Kazemian et al., 2013)  Cooperative binding may occur when 
binding to DNA results in a conformational change in the monomer allowing 
dimerisation with a second monomer or when both a nearby binding site on the 
DNA and the bound monomer attract a second monomer (Georges et al., 2010). 
1.5.6 Facilitated diffusion 
It was noted in the 1970s that if transcription factors searched for their target 
sequences by free diffusion through solution they would not be able to achieve the 
association rates required for transcriptional control. This led to the proposal by 
Berg, Winter and von Hippel that DNA binding proteins find their target 
sequences through “facilitated diffusion” whereby the protein initially binds the 
DNA non-specifically and then scans the surrounding DNA by either sliding or 
hopping along the DNA (Hippel and Berg, 1986). This allows many sites to be 
checked for the cognate sequence in a single binding event. The nonspecific 
movement along the DNA is facilitated entirely by electrostatic interactions 
between the positively charged protein and the negatively charged phosphodiester 
backbone (Florescu and Joyeux, 2009; Givaty and Levy, 2009). The ideal length 
of each nonspecific search has been determined to be short (Halford, 2009; 
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Halford and Marko, 2004). This rate allows multiple sites to be searched while 
allowing the protein to move away from long non-specific stretches of DNA. 
1.5.7 Low affinity DNA binding by transcription factors 
While it has long been recognised that transcription factors can bind to DNA sites 
with either low or high affinity, it has until recently been assumed that low 
affinity binding events are of no functional consequence. This view has been 
challenged by several studies which indicate that low affinity binding plays a role 
in gene regulation. A ChIP study in yeast showed extensive low affinity binding 
of transcription factors (Tanay, 2006). In Drosophila it has been suggested that 
low affinity binding has as much influence on embryonic development as high 
affinity binding (Segal et al., 2006). Badis et al., in their extensive study of mouse 
transcription factor binding motifs described what they called “secondary motifs” 
for a large number of transcription factors (Badis et al., 2009). These secondary 
motifs were estimated to be bound to their respective transcription factors with a 
lower affinity than primary sites. 
 Low affinity binding can lead to both spatial (Jiang and Levine, 1993; Scardigli, 
2003; Struhl, 1989; White et al., 2012) and temporal (Gaudet and Mango, 2002; 
Rowan et al., 2010) control of gene regulation during embryogenesis when 
concentration gradients of factors are crucial. The consequences of the disruption 
of low affinity binding has been shown Drosophila where engineering of high 
affinity binding sites to replace low affinity sites for the transcription factor 
Hedgehog (Hh) created patterning defects during embryogenesis (Ramos and 
Barolo, 2013). The reason for these defects is an imbalance between repressor and 
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activator binding which leads to incorrect gene expression (Ramos and Barolo, 
2013) 
1.6 Forkhead proteins 
The first protein to be named a forkhead protein was forkhead (Fkh) in 
Drosophila. The fkh gene was discovered by Jurgens and Weigel in 1988. 
Mutations in the fkh gene cause abnormal head involution in fly embryos giving 
rise to the spiked head phenotype which gave the gene its name (Weigel et al., 
1989). In 2011 more than 2000 forkhead proteins had been catalogued (Benayoun 
et al., 2011; SCOP classification 846832). These proteins span 108 opisthokont 
species.  
FOX (from forkhead box) proteins are a superfamily of transcription factors 
which either repress or activate transcription through the binding of their forkhead 
domain (FHD) to DNA. The 19 subclasses (A-S) are grouped according to the 
homology within the FHD only and as such the classes have highly variable 
structures within other domains (Hannenhalli and Kaestner, 2009). In 2000 a 
unified nomenclature was decided on for the FOX proteins (Kaestner et al., 2000). 
According to this nomenclature human FOX proteins are denoted in capitals, for 
example FOXP2, those from mouse with only the first letter capitalised, for 
example Foxp2 and all other species with the first letter and the subclass 
capitalised, for example, FoxP2. The Fox proteins are involved in a number of 
important cellular processes and diseases. These include signalling, neural 
development and aging (Benayoun et al., 2011). More than half of the FOX 
families have been implicated in cancer these include FOXA in liver cancer (Li et 
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al., 2012), FOXM in lung (Kim et al., 2006) and ovarian cancer (Zhao et al., 
2014)  and FOXO in breast cancer (Zou et al., 2008) amongst others. 
1.6.1 Interaction of FOX proteins with DNA 
FOX proteins perform a number of diverse functions upon DNA binding leading 
to many binding modes within different families. Some FOX families, the FOXA 
family, for instance, serve as pioneering factors which open up tightly compacted 
chromatin in order to facilitate the binding of other proteins involved in 
transcription. The opening of chromatin is carried out by regions outside the FHD 
which bind to histones 4 and 5 (Carlsson and Mahlapuu, 2002). Others, such as 
the FOXP family, function as classical transcriptional repressors (Lopes et al., 
2006; Shu et al., 2001).  
The FHD adopts a winged helix motif and is the major DNA recognition motif in 
FOX proteins responsible for specific binding. It typically consists of three alpha 
helices, three beta strands and two loops, these loops form the two “wings” of the 
domain (Benayoun et al., 2011). FOX proteins make base specific contacts with 
the major groove of DNA through Helix 3 while the wings which are rich in basic 
residues make nonspecific contacts with the phosphodiester backbone (Lai and 
Clark, 1993; Littler et al., 2010; Stroud et al., 2006; Tsai et al., 2006). The 
Forkhead box consensus sequence has been defined as: 5′ - 
(G/A)(T/C)(A/C)AA(C/T)A - 3′ (Kaufmann et al., 1995; Overdier et al., 1994; 
Pierrou et al., 1994). There is, however, another sequence, 5′ - GACGC - 3′, to 
which a number of FOX proteins bind (Luo et al., 2012; Zhu et al., 2009). Though 
there is a general consensus sequence many families of FOX proteins have been 
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known to have their own preferences for variations of this consensus (Georges et 
al., 2010). The mechanism for this family-specific sequence specificity is not 
clear because the amino acids in contact with different bases are conserved across 
families (Lai and Clark, 1993; Overdier et al., 1994). There is, however, a 20 
amino acid region located N-terminally to the recognition helix which has been 
shown to adopt different secondary structures in different families (Marsden et al., 
1998) and confers sequence specificity.  Overdier et al. (1994) postulate that the 
FOX proteins have arisen from three separate clades which has led to a diversity 
of binding-specificities within the superfamily (Nakagawa et al., 2013). 
Although most FOX proteins bind to DNA as monomers there are notable 
exceptions such as the homo- and hetero- dimers formed between members the 
FOXP family (Li et al., 2004) and FOXK1 (Tsai et al., 2006). Heterodimers 
formed by members of different FOX families have also been noted, for example 
the FoxO3a-G1 heterodimer which is involved in the regulation of cell 
proliferation (Madureira et al., 2006). 
1.6.2 The forkhead box P family 
The P family has four proteins FOXP1-4. FOXP1 is an important developmental 
gene in mice, active in the lung and gut (Shu et al., 2001). In humans, FOXP1 is 
implicated in some cases of mental retardation (Le Fevre et al., 2013; Hamdan et 
al., 2010; Horn et al., 2010) and gross motor skill delay (Bacon et al., 2014; Carr 
et al., 2010) as well as in B-cell and macrophage development (Hu et al., 2006; 
Sagardoy et al., 2013). FOXP2 will be discussed in the next section.  
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FOXP3 is part of the adaptive immune response and T-cell specialisation (Yagi et 
al., 2004). Specifically, FOXP3 controls the differentiation of Treg cells which are 
specialised CD4 cells involved in autoimmunity and inflammatory response (for a 
review of T cell function see Josefowicz et al., 2012). Dysregulation of FOXP3 
has been implicated in the fatal immune disorder, polyendocrinopathy, 
enteropathy, X-linked syndrome (IPEX; Bennett et al., 2001). 
FOXP4 is expressed in the embryonic lung and gut (Lu et al., 2002) as well as the 
brain (Rousso et al., 2012; Takahashi et al., 2008; Tam et al., 2011). Foxp4 is 
expressed in the adult forebrain of rats (Takahashi et al., 2008) and in conjunction 
with Foxp2 is also expressed during neuron diffentiation in the developing central 
nervous system of the chick (Rousso et al., 2012). In mice FoxP4 is involved in 
the branching of dendrites of Purkinje cells within the cerebellum (Tam et al., 
2011). 
FOXP1, 2 and 4 have similar domain architecture consisting of a polyglutamine 
tract, zinc finger, leucine zipper and FHD while FOXP3 has an N-terminal proline 
rich region which replaces the polyglutamine tract of the other FOXPs as well as a 
truncated C-terminus compared to the other FOXPs (Bettelli et al., 2005; Lopes et 
al., 2006). The FHD of the FOXP family is located near the C-terminus rather 
than the N-terminus as is the case for other FOX families. The wings of the FHD 
of the FOXP family are different from other FOX families and winged helix 
proteins in general in that wing 1 is truncated and wing 2 forms a helix rather than 
a loop (Stroud et al., 2006). A schematic comparison of an HTH motif, winged 
helix motif and a FOXP FHD is shown in Figure 1.6. 
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Figure 1.6: Canonical topology of a helix-turn-helix motif, a winged helix 
motif and a FOXP forkhead domain. A: In a typical winged helix protein the 
HTH motif (blue) is flanked by two flexible wings, W1 and W2 (grey). B: 
topology of the FOXP2 FHD in which W1 is truncated and W2 is replaced by a 
short helix (adapted from Gajiwala and Burley, 2000. 
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1.6.3 The function of FOXP2 
As a transcription factor, the sole function of FOXP2 is to locate and bind specific 
sequences within the genome. If this binding is functional, networks of other 
target genes are regulated. Vernes et al. (2007) identified biological themes in 
putative targets of FOXP2 as predicted by ChIP-chip analysis. These themes are 
membrane bound proteins, proteins involved in homeostasis and locomotive 
behaviour, as well as axon guidance (Vernes et al., 2007). Dysregulation of these 
networks can lead to numerous pathologies ranging from Specific Language 
Impairment to breast cancer. When dysregulation of FOXP2 expression occurs it 
is often difficult to establish the effects on the organism as a whole (French and 
Fisher, 2014). The role of FOXP2 in language acquisition and other neurological 
functions, as well as cancers, will be discussed in this section. 
The role of FOXP2 in language first came to light when a mutation in the 
forkhead domain of the protein was found to be the cause of a multigenerational 
language disorder in the KE family of the UK (Lai et al., 2001). Three generations 
of the KE family suffered from a severe speech and language disorder which was 
inherited in an autosomal-dominant monogenetic pattern (Hurst and Baraitser, 
1990). This disorder has been termed Speech-Language Disorder 1 (SPCH1; MIM 
602081) and is characterised by language processing abnormalities as well as 
restricted orafacial movements affecting speech. The KE family members affected 
were found to be deficient in the reproduction of phonetic strings (both words and 
non-words) as well as performing sequences of orofacial movements (Vargha-
Khadem et al., 1998). Affected family members showed structural abnormalities 
in a number of regions in the brain, most notably Broca’s region which is key to 
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the production of speech (Watkins et al., 2002). Functional magnetic resonance 
imaging showed that these structural variations corresponded with decreased 
inactivation of Broca’s region during language processing (Liégeois et al., 2003)  
The disorder causing mutation is that of an arginine replaced by a histidine at 
residue 553 (R553H) in the DNA binding helix (Lai et al., 2001) of the FHD and 
leads to a disruption of DNA-binding and incorrect cellular localisation of the 
FOXP2 protein (Vernes et al., 2006). More reports of the involvement of FOXP2 
in language disorders followed the report of the KE family (Feuk et al., 2006; 
MacDermot et al., 2005; Rice et al., 2012; Zeesman and Nowaczyk, 2006). These 
reports showed patients suffering from verbal dysphasia who had FOXP2 
translocations and deletions. To date R553H has been the only point mutation in 
the FOXP2 FHD to have been implicated in language disorders. 
Devanna et al. (2014) have shown that FOXP2 expression and the retinoic acid 
signalling pathway are linked (Devanna et al., 2014). Using the Devanna study 
Benitez-Burraco and Boeckx (2014) suggest that the retinoic acid signalling 
pathway regulates many putative language related genes. This gene network 
appears to be under the control of the RUNX2 gene, the targets of which are 
involved in brain and skull development. 
In addition to evidence in humans of the involvement of FOXP2 in language, 
studies suggest that the protein also plays a role in the vocalisations of other 
species such as mice and zebra finch.  There is contradictory evidence of the 
involvement of the mouse KE mutation equivalent (R552H) in subsonic 
vocalisations in young mice. Groszer et al., (2008) showed it to cause 
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impairments in motor skill learning and altered synaptic plasticity only, while 
Fujita and colleagues reported abnormal vocal signalling (Fujita et al., 2008).  The 
Foxp2 R552H mutant mice pups of Gaub et al., (2010) showed very little 
difference in subsonic vocalisations from normal pups. This group suggests that 
pup vocalisations are not affected by Foxp2 mutations because they are innate and 
not affected by learning circuits in the brain (Gaub et al., 2010).A comparison of 
FoxP2 mutation studies in mice further complicates the determination of a 
FOXP2 phenotype. In the studies reviewed almost all homozygote mutations were 
lethal while heterozygous mutations produced no phenotype at all or only mild 
developmental delay (French and Fisher, 2014).  
Zebra finch are vocal learners in that songs are taught by male adults to male 
offspring this makes them a suitable model for instinctive vocal learning 
(Brainard and Doupe, 2000 and references therein). Area X is the area of the zebra 
finch brain involved in vocal learning (Sohrabji et al., 1990). Zebra finch FoxP2 
has been found to have higher levels of expression in Area X than in the rest of 
the brain (Haesler et al., 2004). That FoxP2 is involved in zebra finch song 
learning is further illustrated by results showing that the gene is up regulated in 
Area X temporally during vocal learning times (Haesler et al., 2004). When 
FoxP2 is knocked down in juvenile zebra finches, they were unable to learn song 
accurately (Haesler et al., 2007). 
FoxP2 is expressed in the developing brains of many species which are not known 
to use verbal/ auditory pathways including rats (Campbell et al., 2009), zebra fish 
(Bonkowsky and Chien, 2005), medaka (Itakura et al., 2008), crocodiles (Haesler 
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et al., 2004) and frog (Schön et al., 2006). This suggests that FOXP2 plays a role 
in neurological development beyond language.  
Neural targets of FOXP2 have been identified in humans by the use of chromatin 
immunoprecipitation followed by microarray analysis (ChIP-chip) technology. 
These targets include FGF8, a known cortical patterning effector and the 
homeobox patterning genes HOXB5 and HOXB7, also known to be involved in 
central nervous system patterning (Spiteri et al. 2007). An example of a neural 
target of FOXP2 is the CNTNAP2 gene FOXP2 binds to the promoter region of 
CNTNAP2 suggesting a role in the regulation of this gene (Vernes and Newbury, 
2008). The product of the CNTNAP2 gene is the transmembrane neurexin 
CASPR2. This protein has been implicated in human cortical development and 
may mediate intercellular interactions and laminar organisation (Strauss, 2006). 
Point mutations in CNTNAP2 have been associated with aberrant development of 
language related brain structures in children with autism (Alarcón et al., 2008), as 
well as specific language impairment in children without autism (Vernes and 
Newbury, 2008). 
FOXP2 may also play a role in autism although results have been variable. There 
has been a significant association between FOXP2 single nucleotide 
polymorphisms and autism in the Chinese (Gong et al., 2004) and Korean (Park et 
al., 2013) populations. However, (Gauthier and Joober, 2003) found no link in 
Canadian autistic children and in Spain no link was found between autism and 
FOXP2 either (Toma et al., 2013). 
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FOXP2 has also been associated with psychiatric disorders such as depression and 
schizophrenia in the Chinese population (Li et al., 2013). In addition, a link 
between schizophrenia and FOXP2 single nucleotide polymorphisms has been 
found in numerous other studies (McCarthy-Jones et al., 2014; Sanjuán et al., 
2006; Španiel et al., 2011; Tolosa et al., 2010). The reason for this link may be 
the effect of  FOXP2 on grey matter concentration within schizophrenia related 
regions of the brain (Španiel et al., 2011). 
In addition to their role in neural development, all four members of the FOXP 
subfamily have been implicated in cancer. FOXP1 is a candidate tumour 
suppressor (Banham et al., 2001; Fox et al., 2004),  FOXP2 is highly expressed in 
lymphomas but not in normal lymphocytes (Campbell et al., 2010), FOXP3 is 
involved in adult T-cell leukaemia/ lymphoma (Mansfield et al., 2014) and 
FOXP4 is down-regulated in kidney tumours (Teufel et al., 2003). 
Yang and colleagues found that the grass carp FoxP1 and FoxP2 are involved in 
activation of different lymphocyte subpopulations (Yang et al., 2010). In humans 
FOXP1 is involved in B-cell differentiation (Hu et al., 2006) and based on the 
grass carp model it is likely that FOXP2 is also involved. FOXP2 is involved in T-
cell regulation through its interactions with the calcium regulated transcription 
factor NFAT (Wu et al., 2006). 
Recently a role for FOXP2 in breast cancer has been put forward by Cuiffo et al. 
They found that a class of cells which promote tumour formation and metastasis 
through interaction with breast cancer cells do so by a micro RNA cascade which 
leads to down regulation of FOXP2 in the breast cancer cells. Further, knockdown 
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of FOXP2 caused tumour initiation and metastasis in breast cancer (Cuiffo et al.. 
2014). FOXP2 has also been shown to play a role in the development of certain 
prostate cancers (Stumm et al., 2013). 
1.6.4 The structure of FOXP2 
The domain architecture of the full length FOXP2 protein consisting of a poly-
glutamine region, a zinc finger, a leucine zipper, the FHD and an acid rich tail is 
shown in Figure 1.7. Between the domains are regions which are predicted to be 
disordered. It is possible that these regions may contribute to DNA binding via 
mechanisms discussed for intrinsically disordered regions in Section 1.5.4  
The polyglutamine rich region of FOXP2 is one of the longest poly-glutamine 
tracts known in a human protein. Although expansions of such regions in the 
genes of other transcription factors such as the TATA binding protein (TBP) have 
been implicated in disease (Nakamura and Jeong, 2001), the length of this tract is 
very stable in FOXP2 and has been shown to not be a factor in disease 
development (Bruce and Margolis, 2002).  
The leucine zipper of FOXP2 is involved in hetero- and homo- dimerisation 
which is essential for transcriptional regulation (Li et al., 2004). Heterodimers are 
able to form between FOXP1, 2 and 4 (Sin et al., 2014).  The formation of dimers 
via the leucine zipper is necessary for DNA binding (Li et al., 2004) and crucial 
for transcriptional regulation (Sin et al., 2014). 
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Figure 1.7: Domain architecture of FOXP2. Domains are shown from N to C 
terminus. Structured domains are shown in blue while white regions are 
disordered. Poly-Q – glutamine rich region; Zn – zinc finger; LZ – leucine zipper; 
FHD – forkhead domain; ART- acid rich tail. 
1.6.5 Domain swapping in the FOXP2 forkhead domain 
The crystal structure of the FOXP2 FHD bound to DNA (Stroud et al., 2006)  
revealed that isolated FOXP2 FHD is able to form domain-swapped dimers 
(Figure 1.8). This type of dimerisation is not known to occur in the FHD of any 
other FOX families. Domain swapping occurs when protein chains swap identical 
units. The swap may involve whole domains or just secondary structural elements 
(Bennett, 1994). Dimers are formed by domain swapping when there is equal 
exchange between two monomers. The architecture of individual domains of a 
domain swapped dimer remains identical to that in the monomer except in the 
region where the exchange has taken place. The result is essentially two 
monomers which have folded into one another. 
 
 
 
Poly-Q Zn LZ FHD ART 
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Figure 1.8: Schematic representation of the FOXP2 domain swapped dimer. 
Two FOXP2 monomers, one shown in green and one shown in pink, swap helix 3 
(H3) and strands 2 and 3. Ala539, the mutation of which to a proline prevents 
domain swapping, is shown in black. The hinge loop region of each monomer is 
shown by a black box. Visualised using PyMOL (The PyMOL Molecular 
Graphics System, Version 1.5.0.4 Schrödinger, LLC.). 
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Domain swapping in FOXP2 occurs when two monomers exchange helix 2 and 
strands 2 and 3. Domain swapping occurs when helix 2 extends through the turn 
separating helix 2 and 3 leading to a 14 residue helix. It is interesting to note that a 
mutation in this region in FOXP3, which has a high level of sequence identity to 
FOXP2, has been implicated in IPEX although this area does not directly interact 
with DNA (Bennett et al., 2001). Some IPEX mutations occur in the hinge loop 
region of the forkhead domain which is necessary for domain swapping 
(Bandukwala et al., 2011). Site-directed mutagenesis of FOXP3 has demonstrated 
that disruption to domain swapping alone without interference to DNA-binding is 
enough to lead to T-cell dysfunction (Bandukwala et al., 2011) Further, it has 
been shown that the stable domain swapped dimer of the FOXP3 FHD bridges 
two pieces of DNA mediating long range chromosomal contacts which are crucial 
to its function (Chen et al., 2015). These findings suggest that domain swapping 
may play a physiological role in the FOXP family. Given this putative role, it is 
unlikely, though still possible, that domain swapping is an artefact of the high 
concentrations of protein used during crystallisation, as is suggested for some 
other domain swapped structures obtained by crystallisation (Gronenborn, 2009). 
Domain swapping in the FOXP FHD appears to be mediated by Ala539 in the 
hinge loop region, as the mutation of this residue to proline prevents dimerisation 
(Stroud et al., 2006). In members of other FOX families there is a highly 
conserved proline at this position. Stroud et al. propose that this proline in other 
classes of FOX proteins acts as a helix breaker preventing the formation of the 
extended helix which facilitates domain swapping in the FOXP family. Using 
multi-angle light scattering, Stroud et al. demonstrated that the A539P mutant of 
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the FOXP2 FHD existed solely as a monomer whereas the wild type existed as a 
mixture of monomers and dimers under the same conditions. 
1.6.6 The interaction of the FOXP2 forkhead domain with DNA 
Although a Foxp core consensus binding sequence of AAAT has been put forward 
by Wang et al. (2003), it was identified, using the in vitro technique of cyclic 
amplification of ligands, by DNA binding with Foxp1. This core sequence was the 
one used in the crystal structure of the FOXP2 forkhead domain bound to DNA 
(Figure 1.9; Stroud et al., 2006). Vernes et al. (2007) and Spiteri (2007) identified 
variations of the classical FOX consensus sequence similar to the Wang sequence 
in ChIP experiments. From data generated by gene expression studies of 
humanised FOXP2 expressed in mice Enard and colleagues predicted TATTTAT 
as a FOXP2 binding sequence (Enard et al., 2009). In 2013 Nelson et al. reported 
a different sequence obtained by microfluidic chip analysis, TGTTTAC, which 
FOXP2 preferentially bound in vitro (Nelson et al., 2013). 
From the crystal structure of the FOXP2 FHD in complex with DNA, it can be 
seen that the interaction differs from that other FOX proteins and DNA. Largely 
this is due to the significant difference in the structure of the wings between 
FOXP and other FOX families (Stroud et al., 2006). Figure 1.10 shows the 
contacts between the FOXP2 FHD and DNA, as well as those between the 
FOXA3 FHD and DNA (Stroud et al., 2006). Because Wing 1 is truncated and 
Wing 2 is a short helix in FOXP, the wings make very little contribution to DNA 
binding (Stroud et al., 2006). In other FOX families, such as FOXA, these wings 
make extensive contacts with the phosphate backbone and the minor groove of the 
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DNA (Lai and Clark, 1993). This discrepancy led Stroud et al. to predict a lower 
affinity of binding in the FOXP family (Stroud et al., 2006). 
 
Figure 1.9: Ribbon representation of the FOXP2 forkhead domain bound to 
DNA (PDB 2A07). FOXP2 monomer (A) and domain swapped dimer (B) in 
association with the core consensus sequence proposed by Wang et al., 2003. The 
two monomers of the domain swapped dimer are coloured in green and pink 
respectively. Helix 3 in both monomer and dimer is opaque while the rest of the 
protein is transparent. Hydrogen bonds formed between the protein and DNA are 
B 
A 
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indicated by black dashed lines. Figure generated using PyMOL (The PyMOL 
Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC.). 
 
 
 
Figure 1.10: DNA contacts made by the FOXP2 forkhead domain. DNA is 
shown as a ladder with phosphates represented as circles and bases as ovals. 
Hydrogen bonds are solid lines while van der Waals contacts are dashed lines. 
The residues which are also involved in DNA recognition in FOXA3 which 
represents a typical FOX protein are shown in red to highlight the variation in 
binding patterns between the FOXP2 FHD and other FOX proteins (Taken from 
Stroud et al., 2006). 
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Despite the differences in wing contacts, the FOXP2 FHD appears to use the same 
conserved residues as in other FOX families within helix 3 to make major groove 
contacts (Figure 1.10). These amino acids make contact with different bases to 
those in other FOX families but this is in agreement with the observation of 
Georges et al. that FOX families do not achieve family-specific sequence 
specificity through differences helix 3 protein sequence (Georges et al., 2010). 
Stroud et al. (2006) speculate that the FOXP2 forkhead domain may recognise a 
variety of DNA sequences because of the nature of the contacts made with DNA. 
This would be consistent with the findings of Badis et al. (2009) which showed 
that many transcription factors bind more than one sequence and that each 
sequence is bound with varying affinity. This allows differential levels of 
regulation by a single transcription factor. 
The dimer in the crystal structure makes fewer contacts with the DNA than the 
monomer does (Figure 1.9; Stroud et al., 2006). This is inconsistent with the 
crystal structure of FOXP3 in complex with DNA (Bandukwala et al., 2011; Chen 
et al., 2015). In the FOXP3 structure all protein is present as domain swapped 
dimers with each monomer tightly bound to distinct sequences (GTTTCA and 
AATTTGT) on different DNA molecules forming a bridge between them 
(Bandukwala et al., 2011; Chen et al., 2015). In the FOXP2 crystal structure there 
are six protein molecules in the asymmetric unit of the crystal, two are present as 
monomers while the other four make up two domain swapped dimers. The 
monomers and dimers interact with the same sequence and only one monomer of 
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the domain swapped dimer is in contact with DNA while the recognition helix of 
the other monomer in the dimer is not in contact (Stroud et al., 2006). This is 
further indication that the DNA sequence used in the crystal structure of the 
FOXP2 FHD is probably not the functional binding sequence of the protein in 
vivo. 
1.7 Problem identification 
As a transcription factor, the sole function of FOXP2 is to regulate transcription of 
target genes. In order to understand this regulation it is necessary to establish the 
DNA sequences with which the FOXP2 FHD can interact. This will shed light on 
the specificity of the interaction between the FOXP2 FHD and DNA. The strength 
and kinetics of binding to these different sequences will give an indication of 
whether interactions with these sequences are likely to lead to a functional 
regulatory event. 
The specificity and affinity of the interaction of the FOXP2 FHD and DNA will 
provide information on the mechanism of binding utilised by FOXP2 and the 
FOXPs in general. To date no kinetic or thermodynamic studies of the binding of 
any of the FOXP FHDs and DNA have been undertaken and as such no 
mechanism of binding has been proposed. Identification of the mechanism of 
DNA binding utilised by FOXP2 may shed light on low affinity binding and 
variable sequence specificity in the FOX proteins. 
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2. Aims  
2.1 Overall aim:  
To establish specific binding mechanisms (kinetic parameters, strength of binding, 
as well as the type and position of bonds formed) of the FOXP2 forkhead domain 
and all possible cognate DNA sequences.  
2.2 Specific objectives:  
1. Overexpress and purify the FOXP2 forkhead domain.  
2. Determine the oligomeric state of the FOXP2 forkhead domain 
3. Create and purify the A539P monomeric mutant of the FOXP2 forkhead 
domain 
4. Identify novel cognate DNA sequences that bind the FOXP2 forkhead domain  
5. Establish kinetic and thermodynamic parameters of binding between the 
FOXP2 forkhead domain and various cognate DNA sequences in order to 
determine which sequences the FOXP2 forkhead domain binds with the greatest 
affinity 
6. Use molecular modelling to predict which residues of the FOXP2 forkhead 
domain interact directly with DNA and which types of bonds are formed.  
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7. Use structural alignment to predict conformational changes to the FOXP2 
forkhead domain upon binding to various sequences. 
 
3 Experimental Procedures 
3.1 Creation of monomeric mutant of the FOXP2 forkhead domain 
3.1.1 The pET-30 expression system 
The pET-30 expression system (Novagen) is isopropyl β-D-1-
thiogalactopyranoside (IPTG) inducible and results in a fusion protein with a 6 X 
His tag and 15 amino acid S-Tag™ at the N-terminus. These tags are cleavable 
through an enterokinase cleavage site. The pET-30 plasmid also contains the KanR 
gene which confers kanamycin resistance and allows for selection of transformed 
cells by kanamycin containing media. 
3.1.2 Plasmid extraction 
In order to perform site directed mutagenesis on the pET-30 vector containing the 
FOXP2 FHD (received as a kind gift from Prof. L. Chen, of the University of 
Southern California Los Angeles, CA), the plasmid was purified using the Genejet 
Miniprep Kit (Fermentas). Purification was carried out according to the 
manufacturer’s instructions using 1,5 ml aliquots of BL21 (DE3) pLys cells 
grown in LB for 16 hours. DNA concentrations were determined 
spectrophotometrically at 260 nm. 
3.1.4 Site-directed mutagenesis 
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In order to create the A539P mutant of the FOXP2 forkhead domain, site directed 
mutagenesis was performed using the QuikChange® kit (Stratagene). The 
following primers were designed by changing the CGA codon for alanine into the 
GGA codon for proline and were synthesised by Inqaba Biotec (Pretoria, South 
Africa) and used to introduce the A539P mutation into pET-30 containing an 
insert coding for the wild type FOXP2 forkhead domain:  
5’ GGTTTACACGGACATTTCCTTACTTCAGGCGTAATG 3’  
               5’ CATTACGCC TGAAGTAAGGAAATGTCCGTGTAAACC 3’  
The mutated codon for proline is indicated on both primers in red. 
The thermo-cycling conditions for mutagenesis were as follows: 2 min at 95 °C; 
18 x (20 sec at 95 °C; 10 sec at 60 °C; 2,5 min at 68 °C) 2 min 72 °C. The 50 µl 
reaction mixture contained 1X Quikchange® Lightening Buffer, 100 ng pET-30 
containing the FOXP2 FHD, 125 ng each of forward and reverse primers, 0,2 mM 
dNTP mix, 1X  Quiksolution reagent, and 1 unit of Pfu Turbo DNA Polymerase 
(Quikchange® Lightning Enzyme).  
3.1.5 Transformation of competent cells with plasmid DNA 
Transformations were carried out using the heat-shock method. Competent cells - 
E. coli T7 Express (New England Biolabs) were thawed on ice. Approximately 50 
ng of chilled pET-30 containing the wild type FOXP2 FHD or the A539P FOXP2 
FHD insert was added to 50 µl of cells. The cells were then incubated on ice for 
30 min and then heat shocked at 42 °C for 45 sec and placed back on ice for a 
further 5 min. After this, 500 µl of SOC (Super Optimal broth with Catabolite) 
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media (Novagen; 2 % typtone, 0.5% yeast, 10 mM NaCl, 2.5 mM KCl, 10 mM 
MgCl2, 40 mM glucose), was added and the cells were incubated with agitation at 
37 °C for one hour to allow the KanR gene to be expressed. Cells were then plated 
on LB agar (1% tryptone; 1% NaCl; 0.5% yeast; 1.5% agar) containing 50 µg/ml 
kanamycin and grown overnight at 37 °C. Plasmid from a colony was purified 
using the GeneJet™ Mini Prep kit (Fermentas) and sent for Sanger sequencing at 
Inqaba Biotec (Pretoria, South Africa) in order to confirm the correct insert. 
 
3.2 Overexpression and purification of the FOXP2 forkhead domain and the 
A539P mutant 
3.2.1 Expression trials 
To obtain ideal expression conditions of the FOXP2 FHD and the A539P mutant 
an expression trial was undertaken. Cells - T7 Express (New England Biolabs) - 
were grown in 2YT (1.6% tryptone; 0.5% NaCl; 0.5% yeast extract; 30 ng/ml 
kanamycin) at 37 ºC overnight shaking at 250 rpm. A 100 X dilution of the 
overnight culture was prepared in LB supplemented with kanamycin and grown 
until the optical density at 600 nm reached 0.6 (mid log phase). Cells were then 
induced with either 0.5 or 1 mM IPTG and samples taken every 2 hours for 16 
hours. These cells were harvested by centrifugation at 10 000 g in a desktop 
microfuge and then prepared for SDS-PAGE and electrophoresed as described 
below. Stroud’s conditions were confirmed and 1 mM IPTG was used to induce 
cells for 4 hours in all subsequent expression of both the wild type FOXP2 FHD 
and the A539P mutant. 
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3.2.2 Immobilised metal ion chromatography  
In order to obtain pure FOXP2 FHD and the A539P mutant immobilised metal ion 
chromatography (IMAC) was used to capture the 6X His-tag. Four litres of T7 
Express cells expressing the wild type FOXP2 FHD or A539P mutant were grown 
and induced as described in the previous section. Cells were harvested by 
centrifugation at 4 200 x g for 30 min and resuspended in binding buffer (0.5 M 
NaCl; 20 mM Tris HCl pH 7.4; 50 mM imidazole) and sonicated in order to lyse 
them. The soluble protein fraction was then collected after centrifugation at 
26 900 x g for 30 min. A 5 ml column of His-Trap resin was charged with nickel 
according to manufacturer’s instructions and equilibrated with ten column 
volumes of binding buffer. After loading the soluble cell fraction, 5 column 
volumes of binding buffer were run through the column. The protein was eluted 
using five column volumes elution buffer (0.5 M NaCl; 20 mM Tris-HCl pH 7.4; 
1 M imidazole). 
3.2.3 Determination of the FOXP2 forkhead domain and A539P mutant 
purity and concentration 
3.2.3.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis  
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was 
used to determine protein purity and was performed by the discontinuous method. 
A 12 % acrylamide separating gel was prepared with 0.375 M Tris/HCl buffer 
(pH 8.8) and 0.1% SDS. A 4% acrylamide stacking gel was prepared with 0.0625 
M Tris/HCl buffer (pH 6.8) and 0.1% SDS. Samples were prepared for 
electrophoresis by diluting them 1:1 with SDS sample buffer (2% SDS, 5% β-
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mercaptoethanol, 10% glycerol and 0.02% bromophenol blue) and heating at 95 
ºC for 5 minutes in order to fully denature proteins. Molecular weight markers 
were also prepared in the same manner.  
After application of samples to wells, gels were electrophoresed at 120 V until the 
bromophenol blue had migrated to approximately 1 cm of the bottom of the gel. 
The electrophoresis buffer was made up of 0.025 M Tris and 0.192 M glycine 
buffer (pH 8.6) containing 1% SDS. After electrophoresis, gels were stained (2% 
Coomassie blue R250, 13.3% glacial acetic acid and 18.75% ethanol) for 1 hour 
and then destained (40% ethanol and 10 % glacial acetic acid) overnight. 
3.3 Confirmation of the identity of the wild type FOXP2 forkhead domain 
and the A539P mutant 
In order to confirm the identity of the wild type FOXP2 FHD and the A539P 
FOXP2 FHD mutant, sequencing by liquid chromatography mass spectrometry/ 
mass spectrometry (LC MS/MS) was performed as a commercial service at the 
Council for Scientific and Industrial Research (CSIR), Pretoria. Protein samples 
(10 µM) were digested overnight using 10 µg/µl trypsin and then made up to a 
concentration of 2% acetonitrile/ 0.2% formic acid. Fragments obtained from the 
digest were separated using a Dionex Ultimate 3000 RSLC (rapid separation 
liquid chromatography) system and then ionised by electron spray ionisation and 
analysed using a QSTAR ELITE mass spectrometer. The obtained mass spectra 
were compared to the UniSwiss data base using the Paragon search engine (Shilov 
et al., 2007) in Protein Pilot (version 4.0.8085). 
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3.4 Confirmation of the structural integrity of the FOXP2 forkhead domain 
A539P mutant 
Fluorescence measurements of the wild type and A539P mutant FOXP2 forkhead 
domain at a concentration of 5 µM were carried out at 20 °C on a Jasco  FP_6300 
fluorimeter with slit-widths set to 5 nm. A 295 nm excitation wavelength was 
used in order to measure fluorescence solely from tryptophan residues. 
3.5 Determination of the oligomeric state of the FOXP2 forkhead domain and 
A539P mutant 
Size exclusion chromatography (SEC) was performed on a 150 ml Hiload™ 
16/600 75 pg size-exclusion column (GE Healthcare) using the ÄKTA fast protein 
liquid chromatography system (GE Healthcare). The column was equilibrated 
using equilibration buffer (20 mM Tris-Cl pH 7.6, 150 mM NaCl) and 
subsequently loaded with 2 ml of 40 µM protein sample which was eluted at 1 
ml/min over one column volume. SEC was performed on the wild type FOXP2 
FHD and the A539P mutant.  
3.5 Identification of novel FOXP2 cognate DNA sequences 
3.5.1 Systematic evolution of ligands by exponential enrichment  
A variation of the method of (Rotherham et al., 2012) was used to perform 
SELEX and MonoLEX. Experimental procedures were carried out at the Council 
for Scientific and Industrial Research (Pretoria, South Africa) The starting library 
in both cases was a single stranded 90-mer randomised at 49 internal positions 
flanked by constant regions for polymerase chain reaction (PCR) amplification.  
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Thus the library sequence was:  
5′-GCCTGTTGTGAGCCTCCTAAC(N49)CATGCTTATTCTTGTCTCCC-3′  
and the primer sequences were: 5′-GCCTGTTGTGAGCCTCCTAAC-3′ (forward 
primer) and 5′- GGGAGACAAGAATAAGCATG-3′ (reverse primer). Initial 
amplification of the library to double stranded DNA as well as amplification of 
bound DNA in between rounds for SELEX was carried out by PCR in 50 µl 
reactions (50 ng template DNA; 1X Taq buffer; 0.2 mM dNTPs; 1.5 mM MgCl2; 
1 µM forward primer; 1 µM reverse primer; 2.5 U Taq polymerase) with the 
following thermo-cycling conditions: 95 °C for 3 min, 10 cycles at 95 °C for 1 
min, 54 °C for 1 min and 72 °C for 90 sec, followed by a final extension at 72  °C 
for 8 min.  
In the SELEX procedure the DNA library was negatively selected against the 
nitrocellulose membrane used for partitioning to prevent the detection of DNA 
which bound non-specifically to the membrane. Binding reactions were carried 
out with 50 ng of DNA and 50 ng of the wild type FOXP2 FHD in HMCKN 
binding buffer (20 mM HEPES, 2 mM MgCl2, 2 mM CaCl2, 2 mM KCl and 150 
mM NaCl, pH 7.4). The binding mixture was then passed through a clean 
nitrocellulose membrane equilibrated with HMCKN buffer. The membrane was 
then washed several times with HMCKN buffer to remove unbound DNA and the 
remaining bound DNA was recovered from the membrane using 7 M urea and 
purified using standard phenol:chloroform extraction (using the protocol of 
Sambrook and Russel, 2006) and isopropanol precipitation. The DNA recovered 
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from each round was then amplified as described above and used as the starting 
material for the next round of selection. 
In the MonoLEX procedure the DNA library was negatively selected against 
magnetic epoxylated beads (ReSyn Biotechnologies, Pretoria). The wild type 
FOXP2 forkhead domain was then amine coupled to the beads according to the 
manufacturer’s instructions. Beads were washed thoroughly with HMCKN buffer 
and 50 ng of DNA was added. Unbound DNA was removed with several washes 
of HMCKN buffer and the bound DNA was removed and purified as described 
for SELEX. 
3.5.2 Motif identification 
DNA obtained from the final round of SELEX and MonoLEX was sent to the 
University of Stellenbosch for next generation sequencing (NGS) on the Ion 
Torrent platform. The two data sets from MonoLEX (DS001) and SELEX 
(DS002) were cleaned of poor data (Phred score < 20) and trimmed of primer 
sequence in Galaxy Suite (Blankenberg et al., 2010). Any sequences which were 
greater than 51 or smaller than 48 were discarded as being invalid because the 
starting library contained 49 randomised bases. The clean datasets were then 
analysed using DREME (Discriminative Regular Expression Motif Elicitation; 
Bailey, 2011) which uses the DREME algorithm which is optimised for large 
datasets and AME (Analysis of Motif Enrichment; McLeay and Bailey, 2010) 
which uses the PASTAA algorithm to identify enriched motifs within the 
sequences. Using MAST (Motif Alignment and Search Tool; (Bailey and 
Gribskov, 1998) the DS001 was then checked for motifs generated from DS002 
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and DS002 was checked for motifs generated from DS001. Fischers Exact Score 
was used as an indication of the validity of all motif results. 
 
 
3.5.3 DNA preparation 
Figure 3.1 illustrates the DNA sequences that were used in subsequent work. The 
sequence obtained in this work (referred to as Webb) has been compared with 
published FOXP2 FHD binding motifs in the rest of this work. 
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5′ A T G C C T A T G A A A C A G C G T C T C C T 3′ 
| | | | | | | | | | | | | | | | | | | 
3′ G A T A C T T T G T C G C A G A G G A C G T A 5′ 
 
Zhu 
5′ A T G C C T A T G A A A C A A A T T T T C C T 3′ 
| | | | | | | | | | | | | | | | | | | 
3′ G A T A C T T T G T T T A A A A G G A C G T A 5′ 
 
Wang 
5′ A T G C C C C C C G A T A G G C T T G A T 3′ 
| | | | | | | | | | | | | | | | | 
3′ G G G G G C T A T C C G A A C T A C G T A 5′ 
 
Webb 
5′ A T G C C T A T G A A A A T A A A T A C C T 3′ 
| | | | | | | | | | | | | | | | | | 
3′ G A T A C T T T T A T T T A T G G T C G T A 5′ 
 
Enard 
5′ A T G C C T A T G A A A G T A A A C A C C T 3′ 
| | | | | | | | | | | | | | | | | | 
3′ G A T A C T T T C A T T T G T G G A C G T A 5′ 
 
Nelson 
 
Figure 3.1: DNA sequences used to determine the kinetic parameters of the 
binding of the FOXP2 FHD and DNA. Overhangs and biotinylation were for 
coupling purposes required for surface plasmon resonance. Predicted core binding 
sites are displayed in red. 
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The oligonucleotides with the sequences listed in Figure 3.1 were synthesised by 
Integrated DNA Technologies (Coraville, IA). For the Webb sequence, flanking 
sequence was taken from the sequence dataset while for the published motifs, 
flanking sequence was taken from the DNA sequence used for crystallisation 
(Stroud et al., 2006). Over-hangs were included to allow mobility of the duplexes 
on the SPR chip. 
3.6 Determination of the kinetic and thermodynamic parameters and binding 
affinity of the FOXP2 forkhead domain binding various DNA sequences 
3.6.1 Surface plasmon resonance 
All SPR measurements were carried out on a BIACore 3000 biosensor at the 
CSIR, Pretoria. For initial screening of putative binding sequences of the FOXP2 
FHD, FOX storage buffer was used as the running buffer for SPR (20 mM 
HEPES; 150 mM NaCl; pH 7.4). Carboxymethyl dextran chips (XanTec 
CMD500M; XanTec, Dusseldorf, Germany) were used.  
In order to immobilise DNA to the chip surface, the DNA sequences listed in 
Figure 3.1 were synthesised as duplex DNA by IDT (Coralville, IA) with 5′ biotin 
labels on one of the strands. The biotin label was used to capture the DNA on the 
chips which had streptavidin amine-coupled to the surface. In order to amine-
couple the streptavidin, the biosensor chips were activated by flowing 50 µl of 1:1 
0.5 M N-hydroxysuccinimide (NHS) and 0.2 M N-ethyl-N'-(3- 
dimethylaminopropyl) carbodiimide hydrochloride (EDC) was injected at a flow 
rate of 10 µl/minute.  This was followed by the injection of 50 µl of 1 mg/ml 
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streptavidin (made up in acetate buffer: 10 mM, pH 4.5), into three of the four 
flow cells (1 to 3). In order to block uncoupled, active amine sites, ethanolamine-
HCl (1 M, pH 8.0) was injected over all four flow cells.  
The biotinylated DNA sequences made up in nuclease-free water were then 
injected onto the chip at a concentration of 10 µM. Each chip contained 3 
individual DNA sequences, one per flow cell, with the fourth cell being used as a 
blank. DNA was injected repeatedly until approximately 500 RU of DNA was 
coupled.  
Fifty microliters of 50 µM FOXP2 FHD A539P mutant was injected over all four 
flow cells at 10 µl/min. The monomeric mutant was used instead of the wild type 
in order to ensure that all signals were from the DNA binding event without any 
possibility of dimerisation events convoluting data. The quantity of binding for 
each sequence was determined by subtracting the response units (RU) from the 
blank flow cell and then determining the difference in RU after protein injection 
compared to prior to injection. 
Measurements of the kinetics of binding of the various DNA sequences to the 
FOXP2 FHD A539P mutant were also measured using SPR on the BIACore 3000 
instrument as outlined above. Extensive optimisation of buffer conditions and 
chip surfaces were required because nonspecific binding of the positively charged 
FOXP2 FHD A539P mutant to the negatively charged carboxymethyl dextran 
surface of commonly used sensor chips was likely to occur. This type of 
nonspecific binding is a common problem when looking at DNA-transcription 
factor binding using SPR (Majka and Speck, 2007). Many methods of decreasing 
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nonspecific binding of analyte to the chip surface cannot be used when looking at 
DNA-transcription factor interactions. Salt concentration of buffers cannot be 
increased as this prevents electrostatic interactions between positive residues and 
the negatively charged DNA backbone. It is also not advisable to swap the ligand 
and the analyte, coupling the protein to the chip and flowing DNA over as 
arginines and lysines involved in amine coupling are key residues for DNA-
protein interaction. A phosphate buffer system was used rather than the standard 
HEPES buffers supplied by BIACore because it was found during buffer 
optimisation that HEPES buffers disrupted binding, as evidenced by poor signal. 
Tween® added to buffers prevented hydrophobic interactions between the protein 
and chip surfaces. Rather than a standard carboxymethyl dextran chip, a 
carboxylated chip (XanTec HC30M; XanTec Dusseldorf, Germany) was chosen 
as it did not have negatively charged dextran and also had lower density of 
carboxymethyl groups on the chip surface giving it a lower charge density. To 
further reduce the charge density, a strategy of repeated activation followed 
directly by blocking before re-activating was used to ensure that many of the 
carboxymethyl groups on the chip were bound to ethanolamine.  
Biosensor chips were prepared as described above with the exception of the buffer 
system used and that the activation and blocking steps described were performed 
twice before streptavidin was immobilised. All kinetics experiments were 
performed using phosphate buffered saline (PBS) containing Tween® 20 (0.138 
M NaCl; 0.0027 M KCl; O.05% Tween ® 20; pH 7.4). Increasing concentrations 
of protein in the range of 9 to 244 nM were injected at 75 µl/min over the chip and 
allowed to return to equilibrium over 600 seconds. The bound protein was 
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removed from the chip by a 1.5 M NaCl regeneration step after each 
concentration. Data was analysed using the BIAEvaluation software. 
3.6.2 Isothermal titration calorimetry  
ITC was carried out on a MicroCal VP-ITC instrument. The DNA and protein 
solutions were dialysed extensively against the same batch buffer (20 mM Tris; 
150 mM NaCl). The experiment was carried out at 20 °C. The sample cell 
contained 1.33 ml of 150 µM A539P FOXP2 FHD and the syringe contained 5 
µM of the Nelson DNA sequence (see Figure 3.1). These concentrations were 
determined through several trial runs of the experiment at varying concentrations. 
The monomeric mutant of the FOXP2 FHD was used to ensure that dimerisation 
would not convolute the binding signal. Titrations consisted of 40 injections of 6 
µl with 300 seconds between injections. Data was fit to a sigmoidal function using 
the MatLab software. 
3.7 In silico prediction of the residues and bases involved in the interaction 
between the FOXP2 forkhead domain and various DNA sequences 
3.7.1 Modelling of DNA sequences  
The 5 DNA sequences from Figure 3.1 were modelled as double stranded B-DNA 
with Watson Crick pairing using the 3D-DART (3DNA-Driven DNA Analysis 
and Rebuilding Tool) webserver (http://haddock.science.uu.nl/dna/dna.php) which 
makes use of the 3DNA programme (Dijk and Bonvin, 2009). The webserver 
gives output as PDB files which are optimised for use with the HADDOCK (High 
Ambiguity Driven protein-protein DOCKing) webserver (See Section 3.6.2). 
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3.7.2 Molecular docking 
Macro-molecular docking uses computer algorithms to predict contact between 
two molecules by starting with the properties of the free unbound molecules. The 
sequences constructed using 3D-DART (see Section 3.6.1) were docked with 
chain J of the FOXP2 FHD PDB file (2A07) using the HADDOCK (High 
Ambiguity Driven protein-protein DOCKing) webserver 
(www.haddock.science.uu.nl/services/HADDOCK/haddock.php).  Docking was 
done using the Easy Interface which allows users to input the two molecules of 
choice and decides on the best parameters. The residue involved in the KE 
mutation A553 was chosen as an active or involved residue within the protein. 
3.8 Structural alignment 
In order to predict any changes to the structure of the FOXP2 FHD upon binding 
to the various DNA sequences studied, the MatchMaker extension of Chimera 
(Meng et al., 2006) was used to align the structures generated in Section 3.6.2 and 
the resulting alignment was viewed using the Multalign extension of the 
programme. The global structural alignment was performed using the Needleman-
Wunsch algorithm (Needleman and Wunsch, 1970) with the BLOSUM-62 weight 
matrix (Henikoff et al., 1994) with 30% weighting on the secondary structure and 
70% on the residue similarity. 
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4. Results 
4.1 Construction of the FOXP2 forkhead domain A539P mutant 
The FOXP2 FHD monomeric mutant (A539P) was successfully generated by site-
directed mutagenesis and was confirmed by a commercial Sanger sequencing 
service at Inqaba Biotec, Pretoria (Figure 4.1). Translation of the insert sequence 
confirmed that Ala539 was replaced by a proline.  
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Figure 4.1 Sequence of the FOXP2 forkhead domain A539P mutant insert in 
pET-30. Confirmation of the construction of pET-30 containing the FOXP FHD 
A539P mutant insert by Sanger sequencing. The mutant was constructed by site 
directed mutagenesis to replace a guanine with a cytosine in the insert. This 
mutated the GCT codon on the reverse strand which codes for alanine to the CCT 
codon (shown in red) which codes for proline on the reverse. A: chromatogram of 
sequencing results. B: Alignment indicating the translated sequence obtained 
following site-directed mutagenesis. The Alignment was performed using the 
Basic Local Alignment Search Tool (Altschul et al., 1997). 
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4.2 Overexpression and purification of the FOXP2 forkhead domain and the 
A539P mutant 
Induction trials determined that optimum expression of the wild type FOXP2 
FHD was achieved 4 hours post-induction with 1 mM IPTG (Figure 4.2). This 
was expected as Stroud et al. reported overexpression conditions of 3-5 hours 
with 1 mM IPTG induction (Stroud et al., 2006). There was a marked decrease in 
the amount of protein present in whole cell lysate from inductions longer than 6 
hours indicating that after this time the cells actively began breaking down the 
protein. This could be due to improper folding of the protein at high 
concentrations leading to break down of the improperly folded proteins (Baneyx, 
1999). Overexpression conditions of 4 hours growth post-induction with 1 mM 
IPTG were subsequently used for expression of both the FOXP2 FHD and the 
FOXP2 FHD A539P mutant. Purification of both proteins was successfully 
achieved with IMAC (Figure 4.3). The proteins were determined to have >90% 
purity using densitometry. The proteins were both estimated to be just over 15 
kDa which is in agreement with the predicted size of 14.9 kDa, based on the 
amino acid sequence of the tagged FOXP2 FHD. The identity of the proteins was 
confirmed using mass spectroscopy (Figure 4.4). To ensure that no DNA 
contamination was present in the protein samples, A280 to A260 ratios were 
calculated and samples with ratios of greater than 1.5 were deemed to be free from 
DNA. This was important as the FOXP2 FHD is capable of nonspecific DNA 
binding in E. coli. This was prevented by using high salt concentration (0.5 M 
NaCl) in all purification buffers. No DNase was used during purification in case it 
caused interference in subsequent DNA binding experiments. 
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                          1        2       3        4        5        6       7        8        9 
   
Figure 4.2 Expression trials of the wild type FOXP2 forkhead domain. 
Electrophoresis of whole cell extract from T7 Express cells transformed with 
pET-30 containing the FOXP2 FHD insert and induced with 1 M IPTG. The 
expression condition used in subsequent work is shown by a red box. Lane 1: 
Thermo Spectra Broad Range Protein Ladder; Lane 2: 2 hour induction; Lane 3: 4 
hours induction; Lane 4: 6 hours induction; Lane 5: 8 hours induction; Lane 6: 10 
hours induction; Lane 7: 12 hours induction; Lane 8: 14 hours induction; Lane 9: 
16 hours induction. Proteins are stained with Comassie Brilliant Blue. 
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Figure 4.3 Purification of the FOXP2 forkhead domain and the FOXP2 
forkhead domain A539P mutant. Electrophoresis of protein purified using 
immobilised metal affinity chromatography. Left: Lane 1: Thermo Spectra Low 
Range Protein Marker; Lane 2:  soluble fraction of T7 Express cells expressing 
the FOXP2 FHD; Lane 3: Purified FOXP2 FHD. Right: Lane 1: Purified FOXP2 
FHD A539 mutant; Lane 2: Thermo Spectra Low range Protein Marker. Proteins 
are stained with Comassie Brilliant Blue. 
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4.3 Confirmation of the identity of the wild type FOXP2 FHD and the A539P 
mutant by mass spectroscopy 
The protein sequence of the wild type FOXP2 and the A539P mutant was used to 
confirm the identity of the two proteins. This was done by standard protein 
sequencing using mass spectroscopy. After trypsin digest, LC MS/MS was 
performed on proteins obtained from purification as a commercial service at the 
CSIR, Pretoria. Full sequence coverage was obtained for both the wild type 
FOXP2 FHD and the A539P. The A539P mutation was confirmed (Figure 4.4). 
Confidence levels of >99.9% were obtained for these sequences. 
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The FOXP2 forkhead domain A539P mutant 
 
 
 
The wild type FOXP2 forkhead domain 
 
Figure 4.4 Mass spectra of the FOXP2 forkhead domain and the FOXP2 
Forkhead domain A539P mutant. Sequence of the FOXP2 FHD and the FOXP2 
FHD A539P as determined by liquid chromatography-mass spectrometry/mass 
spectrometry and visualised using the Protein Pilot software package. The alanine 
in wild type and proline in the A539P mutant are shown in red.  
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4.4 Confirmation of the structural integrity of the FOXP2 forkhead domain 
It was important to assess whether the A539P mutation caused structural changes 
to the FOXP2 FHD other than preventing domain swapping as these changes 
would confound later data. In order to determine whether the A539P mutation 
caused folding abnormalities when compared with the wild type FOXP2 FHD, 
intrinsic fluorescence was used. This method was favoured as both proteins 
contain 3 tryptophans which are located in different helices of the protein. Thus 
intrinsic fluorescence gives information about the local environment in three 
separate areas of the proteins making it a good indicator of global structural 
integrity. Both the wild type and A539P mutant of the FOXP2 FHD display 
similar fluorescence spectra with an emission maximum of approximately 340 nm 
(Figure 4.5 A). This emission wavelength is in agreement with the location of the 
tryptophans within the protein which are neither fully buried nor exposed (Figure 
4.5 B). The three tryptophans in the FOXP2 FHD are located on two separate 
helices and a strand. Ala539 is located between the two tryptophan containing 
helices. The decrease in the intensity of fluorescence of the mutant by 
approximately 15% when compared to the wild type protein is a reflection of a 
change to the immediate environment of one or more of the tryptophan side 
chains, for instance the increase in proximity to residues which quench tryptophan 
fluorescence (Callis and Liu, 2004; Chen and Barkley, 1998). Many residues are 
known to quench tryptophan fluorescence, namely: lysine, tyrosine, glutamine, 
asparagine, aspartic and glutamic acids, histidine and cysteine (Chen and Barkley, 
1998). This change in sidechain packing bears no relation to the global structure 
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of the protein; this can be seen by the lack of wavelength shift between the two 
proteins. The maintenance of global structural integrity in the FOXP2 FHD 
A539P mutant allowed it to be used in subsequent work as a suitable model for 
the monomeric wild type FOXP2 FHD. 
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Figure 4.5 Intrinsic Fluorescence of the FOXP2 forkhead domain and the 
FOXP2 forkhead domain A539P mutant. A: Fluorescence spectra of the 
FOXP2 FHD (2 µM; blue) and the FOXP2 FHD A539P mutant (2 µM; red) 
excited at 295 nm. Both the FOXP2 FHD and the A539P mutant show emission 
maxima at 330 nm. Measurements were made in 20 mM Tris; 150 mM NaCl at 20 
°C. B: Structure of the FOXP2 FHD. The three tryptophans used to assess global 
structure via fluorescence are shown in magenta while Ala539 is shown in black. 
PDB 2A07 visulalised using PyMOL (The PyMOL Molecular Graphics System, 
Version 1.5.0.4 Schrödinger, LLC.). 
Wavelength (mm)
300 320 340 360 380 400
Fl
uo
re
sc
e
nc
e 
(ar
bi
tra
ry
 
un
its
)
0
20
40
60
80
100
120
140
160
180
200
 
B 
A 
67 
 
4.5 Determination of the oligomeric state of the FOXP2 forkhead domain  
Size exclusion chromatography confirmed the oligomeric state of both the wild 
type and A539P mutant of the FOXP2 FHD to be predominantly monomeric 
(Figure 4.6). The estimated size of the monomer according to a standard curve 
constructed from size standards was approximately 14 kDa. There was also small 
peak in the wild type protein corresponding to the dimer which measured at 
approximately 25 kDa. This indicates that predominantly monomer and a small 
proportion of dimer were present in the wild type FOXP2 FHD while the A539P 
mutant was exclusively monomeric. The concentration of protein used in SEC 
was 40 µM, indicating that at concentrations of 40 µM or lower, the A539P 
FOXP2 FHD is exclusively monomeric. Since most subsequent binding studies 
were done within this concentration range, A539P was confirmed as a suitable 
model for the monomeric wild type FOXP2 FHD.  
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Figure 4.6 Confirmation of the oligomeric state of the wild type FOXP2 
forkhead domain and the A539P mutant. A: The FOXP2 FHD (40 µM; green) 
and the FOXP2 FHD A539P mutant (40 µM; purple) eluted from a GE Healthcare 
Hiload™ 16/600 75 pg size-exclusion column B: Elution profile of the size 
exclusion chromatography standards. GE Healthcare Low Molecular Weight Gel 
Filtration Calibration standards from first eluted: conalbumin (75 kDa); 
ovalbumin (43 kDa); carbonic anhydrase (29 kDa); ribonuclease A (13,7 kDa); 
Aprotinin (6,5 kDa). C: Standard curve obtained from calibration standards used 
for sizing of the FOXP2 FHD and the A539P mutant. Linear fit is shown in blue.. 
From this curve it was estimated that the monomer was approximately 14 kDa and 
the dimer was approximately 25 kDa. 
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4.6 Identification of novel FOXP2 forkhead domain binding motifs 
Because of the relatively large number of reported cognate DNA sequences, an 
investigation of potential binding sites using systematic evolution of ligands by 
exponential enrichment was undertaken. This particular method of identifying 
target motifs had not previously been undertaken for the FOXP2 FHD. Systematic 
evolution of ligands by exponential enrichment (SELEX) is a method of in vitro 
identification of nucleic acid binding partners of protein targets. The binding 
material can be single or double stranded DNA or RNA. In the case of 
transcription factor binding, double stranded DNA is the molecule of interest. The 
general procedure of SELEX consists of the binding of a randomised DNA library 
with the target protein and the recovery and amplification of bound DNA which is 
then used as the starting DNA for the next round of selection (Tuerk and Gold, 
1990). A single round form of SELEX, known as MonoLEX, was put forward by 
Nitsche et al. and has been successfully used as a more cost efficient method of 
SELEX (Nitsche et al., 2007). MonoLEX requires extremely efficient recovery of 
bound and unbound DNA as there is only a single round to remove nonspecific 
binders, thus the method uses affinity chromatography rather than nitrocellulose 
membranes as its recovery method (Nitsche et al., 2007). SELEX and MonoLEX 
were chosen over other methods of binding motif identification such as 
chromosomal imunopercipitation (ChIP) and microarray based technologies 
because of the simplicity and cost effectiveness of setting up the technique. In 
addition, a number of FOXP2 ChIP studies have been performed (Vernes et al., 
2007; Spiteri et al., 2007) but no studies using SELEX and this particular protein 
have been published. 
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Multiple round SELEX led to enrichment of the DNA pool until round 4 (Figure 
4.7). Round 5 led to a substantial loss of DNA. Three attempts at further 
enrichment at round 5 were unsuccessful. Thus, round 4 DNA was sequenced. 
NGS provides distinct advantages over traditional Sanger sequencing. The most 
important for its use in motif identification is the ability to identify thousands of 
unique sequences from a mixed sequence sample in a single sequencing reaction. 
Sanger sequencing produces indiscernible mixed sequence if the sample contains 
more than one sequence. This limitation can only be overcome in Sanger 
sequencing by cloning individual sequences through PCR amplification and AT 
cloning to obtain samples of plasmid containing an insert of each of the 
sequences. This is incredibly time consuming and costly. NGS is able to obtain 
thousands of unique sequences because sequencing takes place on a solid surface 
rather than in solution. This is accomplished on a chip with either beads or glass 
micro-channels. Each bead or channel has only one molecule of DNA bound 
which is then amplified to produce spatially isolated pools of unique sequences 
across the chip. Each of these pools produces a discernible signal upon 
sequencing (Mardis, 2013). 
The three NGS platforms readily accessible in South Africa are the Roche 454, 
the Illumina and the Ion Torrent. These systems can be compared in terms of cost, 
error rate and number of reads per run (sequence coverage). The Illumina is the 
most expensive platform, closely followed by the Roche 454, with the Ion Torrent 
being significantly more cost effective; however both the Illumina and Roche 454 
platforms have much lower error rates (<0.5%) and higher sequence coverage 
(millions of reads) than the Ion Torrent which has a 1% error rate and only 
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produces less than 100 000 reads (Mardis, 2013; Metzker, 2010). The Ion Torrent 
platform was chosen as it is cost effective and only moderate sequence coverage 
was required because of the high redundancy of the sequence sets caused by 
amplification of recovered DNA. 
MonoLEX DNA from the single round was also sent for sequencing. Ion Torrent 
sequencing returned 270 000 and 230 000 sequences for the two experiments 
respectively. Both sequence sets showed roughly the same sequence variation 
with approximately 20 000 unique sequences per set. The high redundancy of the 
datasets was due to initial amplification of the library by PCR.  
After cleaning of the datasets using Galaxy Suite (Blankenberg et al., 2010) the 
top nine motifs which were present in both datasets were identified using DREME 
and AME (Table 4.1).  These sequences were varied in length and base 
composition. The length of motifs was constrained within DREME and AME to 
six to ten base pairs. None of the motifs identified matched published FOXP2 
binding motifs or those of any of the FOX families. This was expected as 
Nakagawa in 2013 suggested that the binding specificities of the FOX proteins 
extended beyond the canonical FOX binding sequence. The nine motifs generated 
could not be considered FOXP2 binding motifs until binding of the FOXP2 FHD 
and these motifs were empirically confirmed.  
These nine sequences were screened for binding using surface plasmon resonance. 
Surface plasmon resonance (SPR) is a spectrometric technique which measures 
biomolecular interactions in real time allowing affinity constants and the kinetic 
parameters of binding to be established.  
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Table 4.1 DNA motifs identified by systematic evolution of ligands by 
exponential enrichment 
Sequence number Sequence 
 
E-value* Consensus Logo** 
1 
               
CGTATAWG  1.9e-1153  
 
2 
               
GACTCATC  9.3e-982  
 
3 
               
CCCGATAG  4.1e-921  
4 ACCAAGC  7.9e-646  
5 
               
CCATCTTA  3.1e-461  
6 GGTCGA 2.3e-307  
7 ATGGGG  4.3e-073  
 
8 CATATA  8.5e-072  
 
 
9 
 ANTGAGTC  1.7e-059 
 
*The E-value of the match of a sequence in a database to a group of motifs is defined as the 
expected number of sequences in a random database of the same size that would match as well as 
the sequence. 
**The logos use standard consensus logo representation in which the height of each base represents 
the information contained at that position of the sequence. 
The two sequences that were found to bind to the FOXP2 FHD are boxed in red 
IUPAC code is used where N represents any base and W represents A or T. 
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Plasmons are electromagnetic waves which occur at the interface between a metal 
and gas or liquid. When light is passed through a prism below the metal surface 
some light energy is absorbed by the plasmons causing them to resonate. This 
causes a dip in the reflected light intensity at that particular angle known as the 
SPR angle. Any changes at the interface between the metal and liquid or gas cause 
a change to the SPR angle; thus allowing any adsorption to or desorption from the 
surface to be detected (Rich and Myszka, 2000). The measurement of the shift in 
the SPR angle when analyte is flowed through narrow channels or flow cells over 
a chip with a thin metal film which has ligand bound to it is the basic principle of 
automated SPR systems.  
SPR is an attractive tool for the measurement of biomolecular interactions as it is 
a direct form of measurement without labelling and uses very small quantities of 
ligand and analyte. Commercially available systems such as the BIACore used in 
this study make use of chips which are functionalised by the manufacturer 
allowing easy coupling of the ligand.  
Screening was conducted by analysis of the response units generated by a single 
injection of 50 µM FOXP2 FHD over flow cells containing each DNA sequence 
when compared to injection over a flow cell without DNA. Two sequences were 
found to bind the FOXP2 forkhead domain, Sequence 3 and Sequence 9 (Figure 
4.8), as seen by an increase in response units after injection of protein. However, 
when kinetic analysis was attempted, only Sequence 3 was found to give 
satisfactory binding (data not shown). This is likely to be due to nonspecific 
binding of sequence 9 to the carboxymethyl groups on the chip during initial 
screening which was not reproducible under the more stringent conditions used 
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for kinetic analysis. This sequence (Sequence 3) was named the Webb sequence 
and was used for further binding analysis in comparison with other published 
FOXP2 binding sequences shown in Figure 3.1. 
 
 
Figure 4.7 Percentage enrichment of systematic evolution of ligands by 
exponential enrichment rounds. Amount of DNA recovered from each round of 
SELEX expressed as a percentage of the total amount of library initially mixed 
with the FOXP2 FHD. Amount of DNA recovered was calculated using 
absorbance at 260 nm of samples after phenol:chloroform extraction and 
isopropanol precipitation. Round 4 was chosen for subsequent sequencing and 
motif analysis. 
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Figure 4.8 Screening of identified DNA motifs for FOXP2 forkhead domain 
binding. Level of binding as measured by surface plasmon resonance of the 
FOXP2 forkhead domain and DNA sequences identified as potential FOXP2 FHD 
binding sequences. A – C: Sensograms of binding for sequences 1-9, where an 
increase in response units after injection of 50 µM FOXP2 FHD indicates binding. 
Control flow cells did not contain DNA D: The binding values as determined by 
the difference in response before and after binding. Sequences 3 and 9 showed 
binding to the FOXP2 FHD. 
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4.7 Rates and affinities of the FOXP2 forkhead domain and various DNA 
sequences 
In order to compare the types of binding among the different DNA sequences 
listed in Figure 3.1 which FOXP2 is able to bind, kinetic analysis was done using 
SPR. This type of analysis establishes dissociation constants (Kd) as well as 
association (k1 or ka) and dissociation rates (k-1 or kd) from multiple injections of 
protein at a range of concentrations over immobilised DNA. In a reversible DNA-
protein binding interaction 
 
The association rate is the rate at which the protein binds to the DNA and the 
dissociation rate is the rate at which the protein becomes unbound from the DNA. 
The dissociation constant is the ratio of the dissociation rate to the association rate 
and is used as a measure of affinity where the smaller the dissociation constant, 
the greater the binding. In SPR, the rates from a 1:1 binding reaction are 
calculated using the Langmuir equation which was derived based on adsorption of 
a gas across a solid surface which accurately describes the adsorption of an 
analyte in liquid phase to a solid surface in SPR (Myszka, 1997). 
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Table 4.2: DNA sequences used to determine the kinetic parameters of the 
binding of the FOXP2 forkhead domain and DNA 
Name Method Source 
Wang Cyclic amplification and 
selection of targets (CAST) 
Wang et al., 2003 
Nelson Microfluidic micro array Nelson et al., 2013 
Enard Gene expression studies Enard et al., 2009 
Zhu Known FOX binding site Zhu et al., 2009 
Webb SELEX This work 
 
The sequences used in this study were obtained by a number of techniques (Table 
3.1) SELEX, CAST, and microfluidic chip analysis are all in vitro techniques 
which check binding against a randomised synthetic library. The motifs acquired 
from these techniques are relatively high affinity binding motifs, due to multiple 
washing steps throughout the procedures. However, these motifs cannot be 
mapped back to the genome and are not necessarily representative of binding 
under cellular conditions (Wang et al., 2011). ChIP on the other hand is an in vitro 
technique which captures all DNA sequences to which the protein is bound at the 
time of crosslinking. For this reason a relatively large number of DNA sequences 
are obtained, many of which are bound transiently and non-specifically. For this 
and other reasons ChIP data is not always reproducible (Wang et al., 2011). Other 
factors include uniformity of cross-linking, specificity of the antibody which 
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detects the protein, efficiency of chromatin immunoprecipitation and biological 
variability (Peng et al., 2010). 
Data obtained from this kinetic analysis by SPR fitted well to the Langmuir 1:1 
model of binding (Figures 4.9). All fits performed resulted in chi squared values 
of <10% of the maximum signal which indicates reasonable fits. The affinities 
and rates obtained varied across the five sequences (Enard, Nelson, Zhu, Webb 
and Wang; Table 4.2). These sequences were investigated as they are published 
binding motifs of the FOXP2 FHD. A randomised control sequence showed very 
little binding and it was not possible to fit data to any binding model. This 
indicates that the consistent binding of the sequences tested was specific as no 
consistent binding was seen with an arbitrary sequence.  
The association rates of the sequences were similar with the exception of Zhu 
which has a much faster association rate than the Enard, Nelson and Webb 
sequences, and the Wang sequence which has a much slower rate than the other 
sequences (Figure 4.10). The dissociation rates of the Enard, Zhu, Wang and 
Webb sequences showed no significant variation while the rate of the Nelson 
sequence was slower. The Enard sequence displayed the lowest binding affinity 
measured by the dissociation constant followed by the Wang sequence while the 
Nelson, Zhu and Webb sequences had dissociation constants within error of one 
another. 
This means that the FOXP2 FHD binds to the Enard sequence at a moderate rate 
and dissociates quickly spending little time bound and thus binding with low 
affinity. The Wang sequence is bound by the FOXP2 FHD at a relatively slow 
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rate but dissociates at a moderate rate leading to intermediate affinity binding. The 
Zhu, Webb and Nelson sequences show relatively high affinity binding to the 
FOXP2 FHD. In the case of the Zhu sequence this is due to a fast association rate 
coupled to a moderate dissociation rate and in Nelson this is due to a moderate 
association rate with a slow dissociation rate. 
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Figure 4.9 The kinetics of binding of the FOXP2 forkhead domain A539P mutant and 
various DNA sequences. Surface plasmon resonance analysis of the binding of the FOXP2 
forkhead domain and the various DNA sequences. Injections of 9 µM (blue); 18 µM 
(cyan); 36 µM (green); 72 µM (yellow); 144 µM (orange) and 288 µM (red) of the FOXP2 
FHD were flowed over immobilised DNA. These sensorgrams represent the average of 
three replicates and have been zeroed against a flow cell containing no DNA. The A539P 
mutant was used so as to prevent contaminating signal from dimerisation. 
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Figure 4.10 Rates and affinities of the FOXP2 forkhead domain and various DNA 
sequences. Comparison of the association rates (top left), dissociation rates (top right) and 
dissociation constants (bottom) of the FOXP2 FHD and the Enard, Nelson, Zhu, Wang and 
Webb DNA sequences as obtained by surface plasmon resonance utilising a Langmuir 1:1 
model of binding. 
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Table 4.3 Affinities and rates of the FOXP2 forkhead domain and various 
DNA sequences 
Sequence k1 (M-1s-1 x 105) k-1 (ms-1) Kd (nM) 
Enard  TATTTAT 1.5 ± 0.2 2.5 ± 0.2  438 ± 107 
Nelson CATTTGT 1.3 ± 0.1 1.5 ± 0.2 11.5 ± 0.5 
Zhu CGCAG 2.6 ± 0.4 2.5 ± 0.5 10.3 ± 2 
Webb GGGCTATC 1.7 ± 0.5 2.9 ± 0.2 18 ± 2  
Wang GTTTAA 0.54 ± 0.04 2.9 ± 0.3 55 ± 3 
 
4.8 Isothermal titration calorimetry 
Isothermal titration calorimetry (ITC) measures the amount of energy required to 
maintain a constant temperature difference of 0 °C between a cell containing the 
reaction under study and a reference cell. Initially the reaction cell contains only 
one of the binding partners, which then has the second binding partner added to it 
in a stepwise fashion by a syringe. ITC directly measures the energy absorbed or 
released by the reaction being studied and provides thermodynamic parameters, 
binding affinity and stoichiometry (Leavitt and Freire, 2001). ITC has become the 
gold standard in characterising biomolecular interactions because it is highly 
accurate and requires no chemical (such as labelling) or physical (such as 
immobilisation on a surface) modification of either binding partner (Doyle, 1997).  
From the thermogram generated from an ITC experiment, the binding affinity (Kd) 
and the enthalpy of binding (∆H) are calculated while ∆S and ∆G are calculated 
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from Equation 3, where R is the gas constant; T is the temperature of the reaction; 
∆G is the Gibbs free energy of binding and ∆S is the entropy of binding. 
-RTlnKa = ∆G = ∆H – T∆S (3) 
 
ITC was performed in order to confirm the 1:1 binding that was seen using SPR 
and to obtain thermodynamic parameters of binding. The binding isotherm 
obtained from ITC was lacking data points in the presaturation region of the curve 
and thus produced an incomplete sigmoid (Figure 4.11). The data was found to 
have a good fit with the sigmoidal equation:  
1,2356	erfc1,69619	0,381124 − x − 2.21186 
Where ∆H is given by the difference between asympototes or 
21,2356 ≈ 2,5 kcal/ mol 
Kd is given by the slope or 
,×,
√ 
		= 423 nM 
And  
∆G = -RT lnK = -0,5 kcal/ mol 
Since 
∆G = ∆H –T∆S  
Therefore 
∆S= 0.01 kcal/ mol/ K 
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Because of the incomplete nature of the sigmoid obtained from the thermogram it 
is unlikely that these values are reliable, this can be seen by the large discrepancy 
between the Kd obtained for the binding of the FOXP2 FHD A539P mutant and 
the Nelson DNA sequence from this experiment and the one obtained from SPR 
(423 nM and 11.5 nM respectively). However, general trends from the data can be 
seen. The data fit a 1:1 binding model. This validates the use of the Langmuir 
model used to fit SPR data. The unfavourable enthalpy is compensated for by 
favourable entropy. Entropically driven reactions in DNA-protein interactions are 
indicative of distortions to the DNA backbone upon binding (Jen-Jacobson et al., 
2000). The distortion of the DNA backbone in this experiment may be caused by 
the lack of Mg2Cl in buffers used. Mg2Cl typically stabilises the DNA backbone 
within the cell (Hartwig, 2001). 
Although exact thermodynamic parameters were not generated from the ITC data, 
it is important to note that this is the first thermodynamic study to be conducted 
on the FOXP2 FHD and provides a very important starting point from which to 
further optimise this type of experiment. Optimisation of buffers as well as an 
increase in the concentration of DNA in the sample cell may help to obtain the 
required data in the presaturation region of the curve. 
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Figure 4.11.: Binding isotherm of the FOXP2 FHD A539P with the Nelson 
DNA sequence. An incomplete sigmoid was obtained when 150 µM FOXP2 
FHD A539P mutant was injected into 5 µM Nelson DNA sequence. The data 
(black dots) was fitted with the equation 1,2356	erfc1,69619	0,381124 −
x − 2.21186 (red line). Because of the incomplete nature of the sigmoid, it was 
not possible to calculate reliable thermodynamic parameters from the data. 
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4.9 In silico prediction of the bonds formed between the FOXP2 forkhead 
domain and various DNA sequences 
In order to provide a possible explanation of the varied rates and affinities of 
binding between the FOXP2 FHD and the various DNA sequences studied, 
molecular docking was performed.  Macro-molecular docking uses computer 
algorithms to predict contact between two molecules by starting with the 
properties of the free unbound molecules. The sequences constructed using 3D-
DART (see Section 3.6.1) were docked with chain J of the FOXP2 FHD PDB file 
(2A07) using the HADDOCK (High Ambiguity Driven protein-protein 
DOCKing) webserver:  
www.haddock.science.uu.nl/services/HADDOCK/haddock.php  
which allows conformational changes to both molecules during complex 
formation. While many docking programs only take into account the theoretical 
properties of the starting molecules, HADDOCK is data driven and therefore 
takes into account experimental data. HADDOCK makes use of Ambiguous 
Interaction Restraints (AIR) to drive docking (de Vries et al., 2010). The user 
defines active residues known to be involved in the interaction which the 
programme then uses to define AIR.  
Arg553 of the FOXP2 FHD was defined as an active residue to be used as a 
starting point for docking. The reason why this residue was chosen is that 
experimentally it is known that mutation of this residue causes disruption to 
binding as it is the cause of Speech-language Disorder 1 (Lai et al., 2001) . The 
disruption of the interaction between the FOXP2 FHD and DNA by the R553H 
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mutation is caused by a drastic perturbation in the electrostatic potential 
disrupting charge complementarity between the protein and the DNA backbone 
(Banerjee-Basu and Baxevanis, 2004). 
The models used were chosen according to the best HADDOCK scores, which 
measure the quality of the model. In order to confirm that HADDOCK could 
accurately predict structures of DNA-protein complexes, the model generated for 
the Wang DNA sequence was aligned to the crystal structure of the FOXP2 FHD 
in complex with this sequence and it was found that the bonds were the same. 
The docking of the Nelson, Zhu, Webb and Wang sequences were successful 
(Figures 4.12), however, the model obtained for the Enard sequence was deemed 
to be unsatisfactory as it contained hydrogen bonds of < 1.5 Å, as calculated using 
PyMOL, which is not possible due to the size of the atoms involved in the bonds 
and no further analysis was conducted on the interaction between the FOXP2 
FHD and the Enard sequence. The reason for this failure is not clear, however, 
HADDOCK generates models by first docking the two molecules as rigid bodies 
and then, once the best model has been found, continues refinement of the model 
with flexibility in both molecules. The structure of the FOXP2 FHD used in 
modelling was that of the crystal structure in which the protein is bound to the 
Wang sequence. It is possible that the FOXP2 FHD binds to Enard in a relaxed 
state or in a different conformation which HADDOCK was unable to predict. 
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Figure 4.12 In silico prediction of the interaction between the FOXP2 
forkhead domain and the Nelson DNA sequence. Molecular docking of the 
FOXP2 FHD and the Nelson DNA sequence modelled using the HADDOCK 
webserver (de Vries et al., 2010) and visualised using PyMOL (The PyMOL 
Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC.).  
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Figure 4.13 In silico prediction of the interaction between the FOXP2 
forkhead domain and the Wang DNA sequence. Molecular docking of the 
FOXP2 FHD and the Wang DNA sequence modelled using the HADDOCK 
webserver (de Vries et al., 2010) and visualised using PyMOL (The PyMOL 
Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC.).  
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Figure 4.14 In silico prediction of the interaction between the FOXP2 
forkhead domain and the Webb sequence. Molecular docking of the FOXP2 
FHD and the Webb DNA sequence modelled using the HADDOCK webserver 
(de Vries et al., 2010) and visualised using PyMOL (The PyMOL Molecular 
Graphics System, Version 1.5.0.4 Schrödinger, LLC.).  
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Figure 4.15 In silico prediction of the interaction between the FOXP2 
forkhead domain and the Zhu sequence. Molecular docking of the FOXP2 
FHD and the Zhu DNA sequence modelled using the HADDOCK webserver (de 
Vries et al., 2010) and visualised using PyMOL (The PyMOL Molecular Graphics 
System, Version 1.5.0.4 Schrödinger, LLC.).  
Zhu Sequence 
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All modelled sequences showed hydrogen bonding with both the phosphate 
backbone of the DNA as well as with nitrogenous bases of the DNA (Table 4.4). 
In all four models only residues Asn550 and His554 were involved in base 
specific interactions. The model of the Wang sequence showed the fewest number 
of predicted base-specific hydrogen bonds with only one residue of the protein 
interacting with specific bases of the DNA. In the Wang model only Asn550 is 
predicted to be involved in sequence specific hydrogen bonding while in the 
Webb model only His554 is involved. In the Nelson and Zhu sequences 
interactions are predicted with both Asn550 and His554.   
In terms of backbone interactions most sequences make more backbone contacts 
are made than base specific interactions and the backbone interactions involve 
Lys549, Arg553, Asn555 and His559. Only the Wang sequence deviates from 
both these trends. This sequence shows more base specific than backbone 
interactions and these backbone interactions are with Thr547 and Ser557. The Zhu 
sequence also has a backbone interaction with Ser557. Serine and threonine are 
typical amino acids involved in DNA-binding (Luscombe, 2001). The vast 
majority of backbone binding in all sequences is predicted to occur at A and T 
bases with the exception of the Webb sequence which has backbone interactions 
at only G and C bases. 
 
 
 
 
93 
 
Table 4.4 Hydrogen bonds formed between the FOXP2 forkhead domain and 
various DNA sequences as predicted by molecular modelling 
Sequence Base Interaction Backbone Interaction 
Nelson 
Residue Base Residue Base 
Asn550 A33 Lys549 G9 
His554 T12 Arg553 T10 
  A13   G9 
  G31 Asn555 A30 
    His559 A30 
Total 4  Total 5 
Wang 
 Residue Base Residue Base 
Asn550 A13 Thr547 A12 
  A13 Ser557 T10 
  A12     
Total 3 Total 2 
Webb 
Residue Base Residue Base 
His554 G8 Lys549 C4 
  
  C4 
  
Arg553 C5 
  
  C5 
  
Asn555 G31 
    His559 G31 
Total 1 Total 6 
Zhu 
Residue Base Residue Base 
Asn550 A7 Lys549 T6 
  A7   T6 
His554 G9 Arg553 T6 
  T36   T6 
  
Asn555 T36 
  
Ser557 T8 
    His559 T35 
 Total 4  Total 7 
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An attempt to find a structural basis of the varied rates and affinities was made by 
looking for trends between the bonds predicted from molecular docking and the 
dissociation rates, association rates and the dissociation constants calculated for 
the binding of the FOXP2 FHD and the various DNA sequences. 
A relationship was observed between the number of predicted backbone 
interactions and the association rate (Figure 4.16A) with the sequences with the 
greatest number of predicted backbone interactions having the fastest association 
rates. It was considered whether the slowest dissociation rates corresponded with 
the greatest number of predicted base specific interactions but this was not the 
case. However, it does appear that the dissociation rate is slower the greater the 
number of predicted base specific interactions between His554 and DNA (Figure 
4.16B). It was also observed that the greater the total number of predicted 
interactions the greater the binding affinity (Figure 4.16C) 
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Figure 4.16 The relationship between rates and affinities of various DNA 
sequences and the FOXP2 forkhead domain and the number of backbone 
and base interactions predicted. A) The association rates of binding are related 
to the number of backbone interactions predicted. B) There is a weak relationship 
between the dissociation rates of binding and the number of base interactions 
predicted with H554. C) The affinity of binding shows a relationship to the total 
(backbone and base) interactions predicted. 
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4.10 Structural alignment of the predicted structures of the FOXP2 forkhead 
domain and various DNA sequences 
In order to predict structural changes to the protein upon binding to different DNA 
sequences, the backbone of the models generated in HADDOCK were aligned 
using Chimera. No major structural changes to the protein were observed in the 
models of the protein bound to any of the DNA sequences (Figure 4.17). The root-
mean square deviation (RMSD) of this alignment was calculated to be 0.73 Å. 
This indicates that structural rearrangement of the protein is not required in order 
for binding to different DNA sequences. This is applicable to the sequences which 
were successfully modelled (Nelson, Wang, Webb and Zhu) while no conclusions 
about the structural basis of the Enard sequence can be drawn owing to the lack of 
an adequate model. 
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Figure 4.17 Structural alignment of the backbone of the FOXP2 forkhead 
domain bound to various DNA sequences. Models generated using HADDOCK 
of the FOXP2 FHD bound to the Nelson (pink), Wang (green), Webb (blue) and 
Zhu (orange) DNA sequences. It can be seen that there are no major structural 
changes to the protein upon binding to different sequences. Alignment generated 
and viewed using Chimera (Meng et al., 2006). The RMSD for the alignment was 
calculated to be 0.73 Å. 
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5 Discussion 
5.1 The FOXP2 FHD can bind a variety of distinct sequences 
Using SPR it was shown that the FOXP2 FHD is capable of binding a number of 
unrelated sequences (Figure 4.9). These sequences range from a canonical FOX 
consensus sequence (Wang) to a novel sequence identified in this work which has 
never been reported as a FOX binding motif (Webb). This finding indicates that 
FOXP2 does not recognise a single consensus sequence but rather is bound to 
numerous sequences within the genome. 
It is unsurprising that the FOXP2 FHD is able to recognise and bind a variety of 
distinct sequences as numerous studies indicate that many transcription factors 
recognise more than one sequence (Badis et al., 2009; Mirny et al., 2009; 
Todeschini et al., 2014). Chromatin immuno precipitation (ChIP) studies of 
numerous transcription factors yield thousands of binding sequences rather than a 
single consensus sequence (Todeschini et al., 2014). A study of 100 mouse 
transcription factors found that nearly half of transcription factors investigated 
were able to recognise multiple distinct DNA sequences (Badis et al., 2009). 
Furthermore, Wunderlich and Mirny in their 2009 study of nearly 1 000 
transcription factors found that eukaryotic transcription factors occupy sites with a 
variety of sequence motifs (Mirny et al., 2009). 
It is necessary for transcription factors to recognise a number of sequences 
because DNA binding proteins are very rarely free in solution within the cell but 
are almost always in contact with DNA (Lin and Riggs, 1975; Kao-Huang and 
Revzin, 1977; Phair et al., 2004; Elf et al., 2007). This continuous contact gives 
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rise to three different kinds of protein-DNA interactions: specific functional, 
specific non-functional and nonspecific non-functional (Todeschini et al., 2014). 
In this context, functional binding is defined as binding which gives rise to gene 
regulation. It is likely that the sequences investigated in this study give rise to 
both specific functional and specific non-functional binding. 
Although non-functional binding does not directly give rise to gene regulation it 
may be extremely important for cellular function by titrating the concentration of 
transcription factors available to bind specific functional targets (Todeschini et al., 
2014). This is supported by the empirical evidence that when concentrations of 
transcription factors are either halved or doubled, transcription of target genes is 
changed by an order much smaller than two (Veitia et al., 2013) and in bacteria, a 
recent study using the well-studied Lac1 repressor competitive binding sites, led 
to a titration of occupied functional binding sites (Brewster et al., 2014). This 
study showed that concentrations of the transcription factor were affected by 
competition between varied sites and the relative affinity of the protein for these 
sites. Controlling transcription factor concentration in this manner minimises the 
dosage effect of genes allowing whole genome duplications to be tolerated 
without affecting the transcription levels within the cells (Schnable et al., 2011). 
5.2 The FOXP2 FHD binds distinct sequences with varied affinity and rates 
From kinetic analysis by SPR it was shown that the FOXP2 FHD binds each of 
the sequences studied with unique rates and affinities (Table 4.3).This means that 
the FOXP2 FHD is bound to each of the sequences for different time periods 
ranging from relatively short for the Enard sequence to longer periods for the 
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Webb, Zhu and Nelson sequences, the Wang sequence shows intermediate 
binding rates.  
In order to explain the structural basis of this variation, models of the FOXP2 
FHD bound to each of the sequences were created (Figure 4.12-15). From these 
models the number of hydrogen bonds formed between the FOXP2 FHD and each 
sequence were predicted (Table 4.4). There appears to be a relationship between 
the association rates of the FOXP2 FHD and various DNA sequences and the 
number of backbone interactions predicted in each interaction (Figure 4.16). With 
the exception of the Wang sequence, most of the backbone interactions are with 
the positively charged arginine and lysine residues (Table 4.4). The Wang 
sequence also has the slowest association rate with the FOXP2 FHD, highlighting 
the importance of electrostatic interactions in the association rate. 
Electrostatic interactions are often linked to shape readout of the DNA minor 
groove by the protein. This is probably not the case in the FOXP2 FHD as no 
interactions with the minor groove were observed in the models constructed 
(Figure 4.12-15). Stroud et al., 2006 noted that the interaction of the FOXP2 FHD 
differed from that of other FOX proteins. The wings of other FOXs make 
extensive contact with the minor groove. However, in FOXP2 these contacts are 
not possible because Wing 1 is truncated to a simple turn and Wing 2 is a short 
helix (Stroud et al., 2006). 
The relationship between the association of rate of the FOXP2 FHD binding to 
DNA and backbone interactions explains why the disease causing mutation, 
R553H, completely disrupts DNA binding even though that particular residue is 
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not directly involved in hydrogen bonding with DNA as seen in the crystal 
structure of the FOXP2 FHD in complex with the Wang DNA. This is further 
illustrated by the predicted model with the Zhu sequence, in addition to which this 
residue makes only backbone interactions in the predicted models with the Nelson 
and Webb sequences.. Banerjee-Basu and Baxervanis found in 2004 that the 
R553H mutation changes the electrostatic potential of the surface of the protein. A 
disruption to the electrostatics of the protein would prevent interactions between 
the protein and the backbone of the DNA. This would decrease the association 
rate of binding effectively preventing interaction despite base specific interactions 
remaining unaffected. The majority of interactions between transcription factors 
and DNA are between positively charged residues of the protein and the 
negatively charged phosphodiester backbone of the DNA (Luscombe and Austin, 
2000). In addition this electrostatic interaction is necessary for facilitated 
diffusion (Hippel and Berg, 1986). The importance of the electrostatics of the 
FOXP2 FHD is evidenced by the predicted models of its interaction with DNA. In 
all of the models more protein residues are involved in interactions with the 
backbone than with the nitrogenous bases of the DNA (Table 4.4). 
The dissociation rates of the FOXP2 FHD appear to have a relationship to the 
number of base specific bonds formed between His554 and the DNA (Figure 
4.16). The Nelson sequence, which shows the slowest dissociation, has three 
bonds predicted with His554 while the Wang sequence, which has the fastest 
dissociation rate, is not predicted to form any bonds with His554. Further 
experimentation involving the mutational analysis outside the scope of this project 
is required to elucidate the exact role of His554 in FOXP2 FHD DNA-binding but 
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from the available evidence, this residue plays a key role in hydrogen bonding to 
DNA. This residue also makes conserved interactions in DNA-binding in the 
structures of numerous other FOX FHDs including FOXA1 (Lai and Clark, 1993), 
FOXK1 (Tsai et al., 2006) and FOXO1 (Tsai et al., 2007). 
The total number of interactions (backbone and base) formed between the protein 
and the DNA is relative to the association constant (Figure 4.16). This means that 
the more interactions predicted between the protein and the DNA the higher the 
affinity of binding. This is logical as each interaction contributes to the affinity of 
binding. 
It is important to note that although the sequences investigated bound the FOXP2 
FHD with unique affinities which indicates varied strength of binding for different 
sequences, all of the interactions between the FOXP2 FHD and the sequences 
investigated showed specificity. Specificity in a DNA-protein interaction refers to 
the ability of the protein to distinguish specific sequences from the background 
sequence of the genome (Rohs, 2010). This specificity is evidenced by the lack of 
binding between the FOXP2 FHD and a randomised control (Figure 4.9). 
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5.3 The FOXP2 FHD is monomeric in solution 
It was shown by SEC of the FOXP2 FHD at a concentration of 40 µM that the 
FOXP2 FHD domain is monomeric when in solution at concentrations higher than 
those required for DNA-binding according to the Kds obtained from SPR which 
are in the nanomolar range. While it has been established that the leucine zipper is 
required for dimerisation it is unclear whether these dimers have domain swapped 
FHDs. Given the findings presented here as well as the length of the flexible 
region between the leucine zipper and the FHD of FOXP2 it at first seems 
unlikely that FOXP2 acts as a domain swapped dimer. The region between the 
FHD and the leucine zipper of FOXP2 is approximately 100 amino acids and is 
predicted to be unstructured. Thus dimerisation at the leucine zipper would not 
bring the FHDs of the individual monomers into the close contact required in 
order for domain swapping to take place. 
However, there is sound reasoning to support the physiological role of FOXP2 
domain swapped dimers. Mutations in the hinge loop region of the FOXP3 FHD 
which are thought to prevent domain swapping have been linked to IPEX 
(Bandukwala et al., 2011). This means that domain swapping in the FOXP3 FHD, 
which shares 74% protein sequence identity with FOXP2, plays a crucial 
physiological role (Chen et al., 2015). 
From an evolutionary stand point it is advantageous for the DNA binding domains 
of transcription factors to act as homo- and hetero- dimers. Dimeric DNA binding 
domains have much longer consensus sequences and effectively increase 
specificity. This is of particular importance in large families of highly 
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homologous transcription factors, such as the FOX family, where many members 
of different classes recognise highly similar consensus sequences (Georges et al., 
2010). In the FOXP family both hetero- and homo- dimers are known to form and 
perform a physiological function within the family (Li et al., 2004; Sin et al., 
2014). 
Cooperative binding provides a possible explanation of how domain swapped 
dimers may be the physiologically active form of FOXP2  A possible cause of 
cooperative binding which leads to domain swapped dimers in the case of the 
FOXP2 FHD may be partial monomer unfolding in “fly casting” during DNA 
binding. Fly casting is a hypothesized mechanism of molecular recognition which 
has been experimentally shown to be relevant in protein-DNA interactions. In this 
mechanism the protein initially interacts with the DNA in a partially unfolded 
state by nonspecific interactions while searching for the correct recognition 
sequence. Upon specific binding with the recognition sequence the protein 
reaches its folded form. Partially unfolded monomers of other proteins have been 
shown to form dimers upon DNA binding (Kohler and Metallo, 1999; Rentzeperis 
et al., 1993).  
Because a partially unfolded monomer is required for domain swapping, 
dimerisation upon cooperative DNA binding of partially unfolded monomers 
searching for their recognition sequences by fly casting is a logical process which 
could explain why the FOXP2 FHD exists as a monomer in solution but is likely 
active as a dimer. Kohler and Metallor explain that it is favourable for dimers to 
form after DNA binding rather than in solution because preformed dimers 
searching for a specific sequence have slower dissociation rates from nonspecific 
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sequences than monomers do causing dimers to be kinetically hindered in locating 
specific sequence (Kohler and Metallor, 1993). 
5.4 Proposed types of binding between the FOXP2 forkhead domain and 
DNA 
Given the findings presented here it is possible to propose three separate types of 
DNA binding for the FOXP2 FHD. These are low affinity specific binding; 
moderate affinity specific binding and high affinity specific binding (Figure 5.2). 
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Figure 5.2 Proposed mechanism of the FOXP2 forkhead domain DNA-
binding. In this putative model the FOXP2 FHD binds low affinity sites (blue) as 
monomer rapidly cycling on and off the DNA before binding to moderate affinity 
sites (purple) located close to the low affinity sites. At closely spaced moderate 
affinity sites dimerisation by domain swapping can occur and the dimer can 
dissociate to bind two high affinity sites (red) on separate DNA molecules 
bridging the two pieces of DNA. 
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During low affinity binding, the FHD probably binds to extremely low affinity 
sites on DNA at a rapid rate and scans nearby sequences in a partially unfolded 
state. This type of binding is probably non-functional in terms of gene regulation 
but assists in facilitated diffusion and allows the protein to find other moderate 
affinity sites. This type of binding is exemplified by the binding with the Enard 
sequence given by the rates and affinities obtained as well as the lack of a suitable 
model for this sequence with the folded FOXP2 FHD. Although this type of 
binding is low affinity, it is not entirely nonspecific still allowing control of 
spatial location of the protein within the nucleus according to the 3D location of 
the low affinity binding sites within the genome. Nonspecific binding, on the 
other hand would lead to a random distribution of the protein throughout the 
nucleus. These low affinity sites, as they are not predicted to have a functional 
consequence, could in theory bind anywhere in a gene and do not necessarily 
occur within promoters and would thus have been ignored in ChIP studies which 
identify possible target genes by looking specifically for proteins bound in 
promoter regions of genes. 
In moderate affinity binding the FOXP2 FHD binds specific sites with moderate 
affinity. If moderate affinity binding sites of FOXP2 are highly enriched within a 
certain genomic region, the concentration of the protein on the DNA could be 
extremely high making it possible for monomers scanning the DNA to come into 
frequent contact and form domain swapped dimers. The concentration of FOXP2 
FHD could further be increased within a specific genomic region by the presence 
of other more tightly bound DNA binding proteins restricting movement along the 
DNA. This type of binding is probably not functional in terms of transcription but 
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concentrates the protein on the DNA allowing a fully formed dimer to bind nearby 
high affinity sites. This type of binding is exemplified by the binding seen in this 
work with the Wang sequence. This is shown by the moderate affinity measured. 
The crystal structure of the FOXP2 FHD in complex with the Wang sequence 
(Figure 1.9) supports the idea that the FOXP2 FHD binds the Wang sequence as a 
monomer but can dimerise and then dissociate. In this structure the monomer 
forms more bonds than the dimer indicating that the dimer will dissociate more 
rapidly. 
In high affinity binding, each monomer of the domain swapped dimer could bind 
specific sites with high affinity and regulates transcription at these sites. The two 
FHDs of the dimer probably bind sites on two different DNA molecules as seen in 
the crystal structure of the FOXP3 domain swapped dimer in complex with DNA 
(Bandukwala et al., 2011). This type of binding is exemplified by the binding seen 
in this work with the Webb, Nelson and Zhu sequences. This is shown by the 
relatively high affinities of the FOXP2 FHD for these sequences (Table 4.2) when 
compared to the Wang and Enard sequences. 
These types of binding agree with facilitated diffusion but in addition overcome 
the challenge of proteins becoming trapped at non-specific sites distant from the 
target sequence. Esadze et al. found that at physiological ionic concentrations, site 
search by facilitated diffusion was hampered by proteins becoming trapped at 
sites spatially removed from the target sequence significantly slowing the search 
process (Esadze et al., 2014). Trapping would not occur if high affinity target 
sequences were located within a short scanning distance from lower affinity less 
specific sites which draw the protein onto the DNA. This model would keep the 
109 
 
scanning length to the short stretches shown to be most efficient for locating 
specific sites (Halford, 2009). 
These types of binding are also in agreement with the colocalisation mechanism 
of Mirny and colleagues which proposes that the efficiency of target search is 
dramatically reduced when the number of searches on non-specific DNA is 
limited (Mirny et al., 2009). In their scheme, which was based on bacterial 
transcription, where transcription and translation are coupled, the number of 
searches is limited by spatial organisation of the chromosome allowing 
transcription factors to be produced proximally to their targets. However, in 
eukaryotes this is not possible because of translation and transcription being 
uncoupled. The model presented here limits the number of searches by 
concentrating the FOXP2 FHD in limited space within the nucleus through 
clustering of low, moderate and high affinity binding sites. As the protein moves 
from low to moderate to high affinity binding sites within the genome, its location 
becomes more fixed because affinity is a direct measure of how mobile the 
protein is within the genome. Low affinity binding allows the protein to move 
relatively freely as the time for which it is bound to sequence is short. In contrast 
high affinity binding fixes the location of the protein because the protein spends a 
longer time bound to a specific sequence. 
This model pays particular attention to the spatial location and concentration of 
the protein. In recent years the spatial organisation of the nucleus has become an 
important topic of research within biophysics. The spatial organisation of the 
nucleus is relevant to the study of genetic regulation because the nucleus is so 
crowded with macromolecules (proteins, DNA, transcription machinery, RNA 
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and ribosomes) that diffusion is not possible and because of extensive looping 
genetic distances between elements cannot be calculated linearly but need to take 
the 3D fold of the genome into account. For a review of these concepts see 
(Gorkin et al., 2014). Rao et al. (2014) have created a 3D map of the human 
genome within several cell lines and have shown that a very strict spatial 
compartmentalisation of the nucleus is present (Rao et al., 2014). This makes the 
regulation of the location of transcription factors, which are imported into the 
nucleus after translation in the cytosol, very important for genetic regulation. 
Given that a large number of transcription factors exhibit cooperative dimerisation 
and bind more than one sequence it is possible that this mechanism of binding 
may be broadly applicable to other DNA binding proteins. Further experiments 
into DNA sliding and cooperative binding using single molecule fluorescence of 
the FOXP2 FHD as well as functional gene regulation (for instance promoter 
studies using reporter genes and analysis of published ChiP data for sequences 
thought to have functional consequences) are required in order to validate these 
types of DNA binding of the FOXP2 FHD.  
5.5 Possible relevance of proposed mechanism to full length FOXP2 
Although three modes of binding for the FOXP2 FHD have been suggested here 
based on the oligomeric state of the domain, its ability to bind a number of distinct 
DNA sequences and the affinities and rates of binding with these sequences, it 
cannot be forgotten that FOXP2 is a multidomain protein with other domains 
which are theoretically capable of DNA binding such as the leucine zipper and 
zinc finger. If these domains do bind DNA, the mechanism of DNA binding for 
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FOXP2 is likely to be far more complicated. Proteins with more than one type of 
DNA binding domain are capable of moving rapidly along DNA sequences 
(intersegmental transfer) by a mechanism known as bridging (Doucleff and Clore, 
2008). During bridging, separate DNA binding domains are simultaneously bound 
to different cognate sequences on the same long stretch of DNA or on entirely 
separate strands which have been brought close together by looping. The two 
sequences are then held in close proximity to one another until the DNA binding 
domain with the lower affinity dissociates and goes in search of a new cognate 
sequence. This process can be repeated many times with each DNA binding 
domain dissociating at its own rate (Hippel and Berg, 1986). Interestingly the 
process of bringing  DNA on separate chromosomes into contact has recently 
been highlighted by the finding that “gene kissing” of multiple DNA segments is 
required for the transcription of groups of genes which are co-regulated (Fanucchi 
et al., 2013). In support of this the domain swapped dimer of the FOXP3 has been 
shown to facilitate long range chromosomal movements required for the contact 
of co-regulated genes (Chen et al., 2015). However, only through the elucidation 
of binding mechanisms of each individual DNA binding domain, in a manner 
similar to the work completed here, will it be possible to understand the binding 
behaviour of the full multidomain protein. 
6. Conclusion 
From the work presented here it has been shown that the FOXP2 FHD is likely to 
bind DNA by more than one mechanism. There is evidence that the FOXP2 FHD 
can recognise a variety of DNA sequences, including a novel sequence (Webb). 
This motif has not previously been reported as a binding motif of the FOXP2 
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FHD or any other FOX protein and was identified in this work. Furthermore, 
evidence was presented that each of these DNA sequences binds the FOXP2 FHD 
with different rates and affinities. Electrostatic interactions between positively 
charged amino acids and the DNA backbone, as well as base-specific interactions 
between His554 and the DNA appear to be key in determining rates and affinities 
of binding interactions of the FOXP2 FHD and DNA.  Based on these findings, 
three types of DNA-binding are proposed for the FOXP2 FHD. These types are: 
low affinity, non-functional binding; moderate affinity, non-functional binding 
and high affinity, functional binding. It is probable that each type of binding 
serves to control the spatial location of the protein within the nucleus, as well as 
the local concentration of protein. This work has shown that low affinity binding 
and varied sequence specificity may play a role in gene regulation by FOXP2. The 
proposed mechanism of binding for the FHD might have a future impact on the 
understanding of the binding and function of full length FOXP2. 
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